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ANNOTATION 


This book summarizes the results of many years of investigations of 
Cetacean in their natural habitat and in captivity. 


A comprehensive description is furnished of functional anatomy of all 
vital systems of organs (integument, skeleton and muscles; respiratory, blood, 
nervous, and other systems, and sense organs) on the basis of numerous data in 
the literature and the authors’ own observations. 


The authors discuss the distinctions referable to living habits (food 
and feeding, reproduction, behavior, and others) and origin of Cetacea. A 
considerable part of the book deals with current studies of dolphins. This 
book will be of interest to biologists in a wide range of fields: zoologists, 
morphologists, ecologists, and etologists. 


Dedicated to the bright memory 
of Sergey Yevgen'yevich 
Kleynenberg, one of the best 
experts on whales and dolphins. 


INTRODUCTION 


In recent years, there has been intensive development of workin the 
entire world dealing with investigation of Cetacea. This is attributable 
both to the need for deeper investigation of commercial species of Cetacea, 
in connection with the sharp deterioration of commercial reserves of such 
species and to the attention given to Cetacea for the purpose of studying 
their systems of sense organs and integument for modeling in engineering, as 
well as the heightened interest in toothed whales, particularly some dolphin 
species, in view of the exceptionally high development of their central nervous 
system, and the increasing use of Cetacea as experimental and circus animals. 
All these investigations definitely stimulated as well extensive morphological, 
ecological, etological, and taxonomic studies of whales and dolphins. 


While 15-20 years ago, there were barely a few dozen people in the 
entire world investigating Cetacea, at the present time, there are probably 
thousands of investigators in different countries involved with the study of 
whales and dolphins. several times more investigators are concerned, in some 
way or other, with the study of Cetacea, and there is a great demand for popular 
science books on biology of Cetacea. 


Numerous investigations of Cetacea stimulated publication of a signifi- 
cant number of new publications. In our country alone, in the last 15 years, 
several monographs dealing with whales have been published, not to mention the 
considerable number of specialized works. Among the published monographs, we 
cannot fail to mention the basic work of A.G. Tomilin, Kitoobraznyye (Cetacea) 
(1957), published in the multivolume edition, Zveri SSSR i Prilezhashchikh 
Stran (Animals of the USSR and Adjacent Countries), that has been republished 
in English and is still one of the most complete regional faunistic works on 
whales. Nor can we fail to mention the monograph by S.Ye. Kleynenberg, 
Mlekopitayushchiye Chernogo i Azovskogo Morey (Mammals of the Black and Azov 
Seas) (1956), and the one authored by S.Ye. Kleynenberg, A.V. Yablokov, V.M. 
Bel'kovich, and M.N. Tarasevich, entitled Belukha (Beluga) (1964), which has 
just been translated into English, and, finally, Kashalot (The Sperm Whale), 

a monograph by A.A. Berzin (1970). 


In this time, several comprehensive works were also published abroad. 
Among them, attention was drawn first of all to the book by E. Slijper, 
Whales (1958-1962), the collection edited by K. Norris (1966), Whales, Dolphins, 
and Porpoises, and the collection edited by R. Andersen (1969), Biology of 
Marine Mammals. 


In spite of such significant basic works on biology of cetaceans, a 
situation is now formed in which the investigator finds it very difficult to 
find the necessary data on the structure of different systems of organs of 
different species of whales and dolphins, summary data on different questions 
of biology of these animals. Yet such data are needed for a new generation of 
biologists and fishermen who often do not undertake the route of extensive 
investigation of biology and comparative anatomy of Cetacea (a road travelled 
by all investigators of Cetacea who began their work before the 1960s), but 
rather along the route of direct investigation of special questions of functional 
morphology of some organ or special problems of interest to whalers. For the 
further development of research, it is extremely important to have a general 
reference work on all aspects of the life of Cetacea for specialists that 
are not directly involved in the study of Cetacea but who wish to obtain exact 
information for the purpose of comparison to analogous data referable to other 
groups of mammals. 


The most recent work of this type dealing with Cetacea was published in 
London (Beddard, 1900). The book by E. Slijper, Whales (1958-1962) cannot 
serve as a reference book due to its popularity, although we cannot fail to 
note that this is one of the most interesting books dealing with the world's 
Cetacea to be published in the last decades. There is even less reason to 
refer to the collections edited by K. Norris (1966) and R. Andersen (1969) 
as compendiums; they contain extensive and interesting material on the biology 
of Cetacea and, in particular, current aspects of research on the biology of 
these animals. 


After a period of anatomic investigation of different specimens of 
different species of Cetacea (17th-19th centuries), the first half of our 
century constituted a period of intensive ecological and commercial investiga-— 
tion of whales. At present, the attention of many investigators is again 
concentrated on the study of comparative anatomic distinctions and, of course, 
as a result of development of general theory of biology, more attention is 
devoted to determining the dynamic characteristics of the species as an evolu- 
tionary entity that always presents a certain range of variability of all 
structures. Many detailed descriptions of individual specimens provided in 
the past do not characterize sufficiently the species as a whole. 


Of course, the difficulty of examining large series of Cetacea in the 
whaling industry, on the one hand, and the difficulty of obtaining large 
enough series of material referable to rare and noncommercial species, on the 
other hand, make it objectively difficult to obtain the required volume of 
material. Under such conditions, it is particularly important to conduct 
at least a partially generalizing study that would result in a more distinct 
view of the directions that, even now, merit more comprehensive development. 
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All this prompted our small group, working under the guidance of 
Professor S.Ye. Kleynenberg since 1956 in the laboratory of ecological mor- 
phology of marine mammals at the Institute of Animal Morphology imeni A.N. 
Severtsov, USSR Academy of Sciences, and since 1967 at the laboratory of post- 
natal ontogenesis at the Institute of Developmental Biology, USSR Academy of 
Sciences, to raise the question of creating such an exhaustive compendium. 

We believed that, because of having pursued expeditionary work for many years 
on commercially exploited cetaceans in the North Atlantic, North Pacific, and 
South Pacific, and the studies on functional morphology and ecology of some 
species of dolphins in captivity conducted in our laboratory, the conditions 
were formed that would enable us to attempt the writing of such a generalizing 
work. We were also influenced by the fact that for the last 15 years, our 
laboratory maintained close business ties with the prominent teams and all 
prominent investigators of Cetacea in our country and all countries of the 
world. Of course, this resulted in concentration within our laboratory of a 
large amount of special literature dealing with Cetacea. 


We were motivated by a distinct special interest in our appraach to 
creating such a compendium: we want to conduct a comprehensive comparison of 
baleen [Mysticeti] and toothed [Odontoceti] Cetacea to determine their phylo- 
genetic similarity.* 


As will be shown in the following, we concluded that it is impossible 
to interpret unequivocally the rather contradictory current data, and we 
shall leat open the question of taxonomic rank of Mysticeti and Odontoceti. 


In 1967, the first draft outline of this book was made, and it immedi- 
ately became apparent that it would be impossible to write this monograph 
in a short period of time by one or two researchers. It was also impossible 
in view of the need to adhere to a relatively tight schedule and to discuss 
special issues on a rather high professional level. As a result of these con- 
siderations, a team of authors was created, which included not only the staff 
of our laboratory, but also other specialists. It was also constantly borne 
in mind that our intention was not to produce a collection of articles, rather 
expressly a monograph that could cover more or less exhaustively all aspects 
of life of Cetacea. According to our plans, the book was to be written by 
early 1969. However, the lengthy illness and demise, in November 1968, of 
S.Ye, Kleynenberg altered our plans radically. Sergey Yevgen'yevich died 
before he started his sections of the book (it had been planned for him to 
write the entire ecological part). The team of authors decided to complete 
the work and dedicate it to our irreplaceable guide, friend, outstanding 
scientist, and remarkable human being -- Sergey Yevgen'yevich Kleynenberg. 


A.V. Yablokov, V.M. Bel'’kovich, and V.I. Borisov made up the nucleus 
of the team of authors; and they participated decisively at all stages of 
writing the monograph, not only with regard to writing specific sections, 
but also creating the outline for the book. A.V. Yablokov authored chapters 


*Since the work of S.Ye. Kleynenberg in 1958, the question has been repeatedly 
raised as to the lack of justifimtion for uniting the Mysticeti and Odontoceti 


in one order, 
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1, 3, 4, 5, 6, 8, 13, 18, and, in part, the 7th and 17th chapters; V.M. 
Bel'kovich wrote the 2nd, 10th, and 11th chapters; V.I. Borisov authored 
chapters 12 and 14, and a large part of Chapter 7. Credits to other authors 
are as follows: Chapter 9 (The Central Nervous System) was writted by Professor 
G. Pilleri and Doctor M. Gihr (Brain Study Institute, Berne, Switzerland); 
Chapter 16 (Growth and Age) was authored by G.A. Klevezal', Candidate of Bio- 
logical Sciences; Chapter 15 (Behavior) -- N.L. Krushinskaya, Candidate of 
Biological Sciences; most of Chapter 17 (Parasites) -- Professor S.L. Delyamure 
and Docent A.S. Skryabin (Laboratory for the Study of Helminths of Marine 
Mammals, Crimean Pedagogic Institute, Simferopol’); E.M. Smirina authored part 
of Section IX (Bone Structure, pp 81-84) of Chapter 3; A.Ye. Reznikov wrote 
part of Section IA (pertaining to the sounds of toothed Cetacea, pp 245-251) 
and part of Section III (about the direction of sound, pp 257-258 ) of Chapter 
10. The following short sections were included as Appendices to the book: 
Systematics of Contemporary Cetacea (A.V. Yablokov) and A Standard System of 
Methods of Investigating Cetacea [slightly altered text of the article by S.Ye. 
Kleynenberg, V.M. Bel'kovich, and A.V. Yablokov (1965)]. Members of the labo- 
ratory staff -- E.M. Smirina, A.V. Valetskiy, A.S. Baranov, and M.S. Vladimir- 
skaya -- participated in preparing the manuscript, while V.S. Gurevich, L.I. 
Sukhovskaya, N.L. Krushinskaya, G.A. Klevezal', and G.N. Solntseva offered 
much help in editing various chapters; a number of valuable comments were 
offered by Ye.A. Baburina (IBR [Institute of Fish Biology ?], USSR Academy of 
Sciences) with reference to Chapter 11, and by A.A. Kirpichnikov (IBR, USSR 
Academy of Sciences) with reference to the 3rd and 18th chapters. Several 
original photographs were supplied for this monograph by V.S. Gurevich, A.A. 
Kulikov, E.M. Smirina (IBR, USSR Academy of Sciences), K. Norris (University 
of California), M.Kh. Abakarov (Kuban' Pedagogic Institute), and A.A. Berzin 
(TINRO -~ Pacific Oceal Scientific Research Institute of Fisheries and Oceano- 


graphy). 


The survey nature of this work does not permit citing all of the biblio- 
graphic references made in the text; the literature dealing with biology of 
Cetacea is enormous and probably numbers over 10,000 titles to date. However, 
the bibliography included lists many works that were not mentioned in the text 
and is of some independent value. 


The authors realize that the monographic nature of the book is both an 
advantage and disadvantage, since there is, inevitably, some imbalance in pre- 
sentation of material (the sections closest to the authors are more comprehen- 
sive). However, the fact that in each chapter, along with a survey of facts 
already known, we submit our own original material, gives us reason to believe 
that we have avoid serious mistakes in interpretation of the main biological 
observations. 


In conclusion, we wish to express our profound gratitude to all the many 
colleagues and fellow-workers who were involved in the creation of this book, 
with their criticism, advice, and who sent us the results of their research and 
some original illustrations. We also hope that our work will serve the cause 
of future investigation of such remarkable animals as the Cetacea. 


PART I 
FUNCTIONAL ANATOMY 
Chapter 1 
EXTERNAL FEATURES, DIMENSIONS, COLORATION, AND BODY PROPORTIONS 


With reference to external features, Cetacea differ sharply from 
terrestrial mammals in their fish-like body, transformation of anterior extre- 
mities into flippers, total disappearance of posterior extremities, develop- 
ment of a strong tail with horizontal flukes, and some degree of development 
of caudal keels. Cetacea constitute a rather homogeneous group with regard 
to these features. 


However, any deeper analysis leads us to the conclusion that there are 
species-specific differences in general shape of the anterior body, presence 
or absence of dorsal fin, different types of coloration, not to mention the 
enormous interspecific range of body sizes and proportions. 


I. Body Shape 


All Cetacea have an elongated body (Figure 1). The long trunk widens 
in the region of the shoulder girdle and gradually narrows toward the tail. 
At the tail, the trunk is compressed in a vertical direction, forming the so- 
called caudal keel with upper and lower flukes. The horizontal caudal blades 
are located to either side of the tail. 


The pectural limbs, represented by distinctive flippers are usually 
relatively small; they are attached to the trunk at the bottom and on the side, 
in the pectoral region. They are also streamline; in cross section, the trunk 
of a whale is pear-shaped [drop-shaped]. The shape of the flipper varies 
significantly in different cetacean species, as well as within a species, as 
related to age and, apparently, sex of the animal. 


Probably the Atlantic blackfish and the humpback have the most elongated 
pectoral flippers, as compared to other types of whales. Conversely, the pectoral 
flippers of the sperm whale, killer whale, and white whale [beluga] are almost 
round (in the beluga, the posterior edge may even be curved upward). 


The flippers can be sharp-tipped, as is the case in most finbacks or 
common dolphins, or they may have a round distal portion, for example, in 
the white-headed (Hector's) dolphin (Normann, Fraser, 1948). Finally, the 
pectoral fins could be almost triangular in shape (for example, in the La Plata, 
Amazonian, or Ganges dolphins). 
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Figure 1. Body shapes of some cetaceans (abdominal view) 


Left to right: Balaenoptera borealis, Physeter macrocephalus, Ziphius cavi- 
rostris, Globicephala melaena, Phocoena phocoena. The circles indicate the 
location of the umbilicus and anus (Slijper, 1962). 


The data on embryonic development of the pectoral fins of cetaceans 
indicate that there is a great similarity to the early stages of development 
of the anterior extremity of terrestrial mammals (Figure 2). 


Figure 2. 
Diagram of embryonic development of the 
human upper extremity (top) and anterior 
limb of the dolphin (bottom) (Slijper, 1962) 





Unfortunately, at present it is difficult to relate a specific form of 
flipper to distinctive features of movement of an animal. Very generally, it 
has long since been apparent that the flippers play the part of depth and turn 
rudders, and in the species with short and wide flippers, they are probably 
also involved in stopping. At the same time, it is apparent that the caudal 
part of the body (see below) is the principal locomotor organ of whales. Nor 
can we fail to indicate other important biological functions of the pectoral 
flippers as thermoregulatory organs (see below), and their role in tactile 
reception (for example, during games; see chapters 11 and 15). 


Chapter 16 submits data on changes in body proportions, in ontogenesis, 
in different cetacean species. The changes that occur are illustrated, ina 
general form, on Figure 3. There are also data about changes, with age, in 
shape of the pectoral limbs. For example, with age, not only is there rela- 
tive widening of the flipper, but also curvature of its proximal margin in the 
beluga. 


Figure 3. 
Change in overall shape and proportions 
of the body in the course of individual 
development of the fin whale(A) and sperm 
whale (B) 
Legend: b) blow hole 
a) anal orifice (according to 
Ohsumi, 1960; Nishiwaki et al., 
1963) 





The shape of the caudal fins is quite diverse in Cetacea. The flukes 
may be long and narrow (gray dolphin), short and wide (sperm whale), with or 
without a deep fissure along the middle of the posterior edge,* rather curved, 


sickle-shaped, or almost straight. a 


There are both interspecific and significant intraspecific differences 
in shape and size (relative and absolute) of the tail fins. In some cases, it 


*However, this is not a species-specific feature since, for example, specimens 
of Cuvier's beaked whale with and without notches were sighted by K. Norris 
and R. Prescott (1961). 
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was reliably established that there is sexual dimorphism with regard to size 
and shape of flippers (thus, in adult beluga of the same size, the tail fin is 
larger in the males). Age-related changes in shape of the flukes (Figure 4) 
are also known with reference to many cetacean species. Here, we can indicate 
that the data pertaining to distinctions of implantation and early embryonic 
development of the tail fin (Nshiwaki, 1963; Howell, 1930) suggest that, in 
Cetacea, it originates from an initially negligible lateral skin fold on the 
tail, which logically leads to the assumption that some form of developed 

long tail existed in the ancestors of cetaceans. In this connection, the 
pointed caudal process that protrudes between the fluke blades of some whale 
embryos could, perhaps, be interpreted as an atavistic sign. 


Figure 4. 
Fluke of Balaenoptera physalus at differ- 
ent stages of ontogenesis (according to 
S Ohsumi, 1960) 


It may be that a special comparison of representatives of baleen and 
toothed whales, with reference to distinctions of implantation and development 
of fins will reveal specific differences reflecting the distinctions in nature 
of development of the caudal section of the spinal column of the two contempo- 
rary groups of whales that were noted by E. Slijper (1936, 1962). 


Some interesting differences are observed between different species of 
Cetacea with respect to structure of the dorsal fin. In most baleen and toothed 
Cetacea, there is a relatively small fin on the back (sometimes close to the 
central part of the body, sometimes closer to the tail) which consists (like 
the flukes) of a skin fold without an actual bony skeleton. The killer whale 
has a dorsal fin of the largest absolute and relative size (up to 1.5 meters 
in height in large males). 


One of the important characteristics referable to external features of 
Cetacea is the development of distinctive flukes (Figure 5), which are skin 
folds going along the tail, dorsally and ventrally, lending the tail stem 
the shape of a broad plate when viewed laterally. As a rule, the caudal 
keels are well-developed in all Cetacea. We do not yet have exact data on 
the extent of their development in most whale species, nor do we have data on 
intraspecific variability of these structures. No doubt, widening of the tail 
in the vertical plane is of enormous hydrodynamic significance to provide a 
perfect system for turning, as well as stabilizing body psoition, when the 
tail moves up and down. The important role of caudal keels is indicated by 
the fact that normally nourished and maneuverable sperm whale, beluga, and 
finbacks have been caught that had malformed caudal flukes which obviously 
could not have served as the chief organs of locomotion. The caudal keels 
probably play such a part. 


The caudal keels are negligibly developed in some small dolphins (Del- 
phinus, Lissodelphis); their tail is very thick. As a rule, these are rapid- 
moving and mobile species. Of course, to comprehend the distinctions of 
development of the keels (as well as other distinctions of body shape), one 
should consider the entire set of hydrodynamic distinctions of the animals 
as a whole. These distinctions vary in different Cetacea, and they are related 
to a number of characteristics of external body features, structure, and func- 
tion of the integument, subcutaneous muscles, and muscles of the trunk. 





Figure 5. Adult female Tursiops truncatus with neonate. The 
arrangement of flippers, fins, and development of flukes 
are well visualized. Photography by F. Esapyan. 


For straight movement, of significance are, first of all, such general 
parameters of body features as length of the pointed part of the "nose," 
outlines of the head, maximum breadth of trunk (which is usually in the 
region of the pectoral limbs in dolphins and whales), spread and width of 
fluke blades, and overall body length. Other conditions being equal, the 
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velocity will depend on the frequency of tail movements and angle of caudal 
flukes in relation to the long axis of the trunk; this angle can be altered 
voluntarily because of the presence of strong tendonal ligaments in the tail, 
arranged in a specific direction and connected to the muscles of the caudal 
part of the trunk (Hunter, 1787, and many others). 


When moving at relatively high speeds in a dense liquid environment, 
"extinction" of arising turbulent vortices is of enormous significance. Such 
extinction occurs due to the damping phenomenon (contraction and dilatation 
of different regions) in the integumen and "traveling wave" -- moving skin 
fold arising due to the significant mobility of the skin, good development of 
subcutaneous musculature, and presence of many receptors in the integument of 
all parts of the trunk (see the survey by Bel'kovich, 1962). Active lateral 
movements of the tail, with inclination of the flukes in a direction opposite 
to the inclination required to move forward (Niiler, White, 1969), are 
involved in slowing down or stopping. 


As we turn to a description of the general shape of the head and 
anterior part of the cetacean body, let us mention, first of all, the differ- 
ences that immediately strike us between baleen and toothed whales: in the 
Odontoceti, the anterior part of the body is almost cylindrical, and in the 
Mysticeti it is elliptical (Figures 6 and 7). In toothed whales, the head is 
shaped by a high skull with well-developed anterior fat pad; in baleen whales, 
the shape of the head is usually determined by a very flat, table-like skull, 
and widely spaced mandibles. 


Within the group of toothed whales the shape of the head is also found 
to vary rather widely (Figure 8): it ranges from an enormous spermacetic 
protrusion harming over the maxilla in the sperm whale, pilot whale, and beluga, 
to a head with elongated "beak" resembling tweezers in the river dolphins 
(Figure 9). It is interesting to note that it is not the specialized contem- 
porary dolphins, but the representative of Sarhachis that existed in the Mio- 
cene epoch (Kellogg, 1928) that had the longest, tweezer [forceps] shaped 
jaws. 


If one looks at finback whales, one is impressed, first of all, by the 
deep furrows going from the surface of the mandible to the belly. There is 
approximately the same number of such grooves in all existing finbacks (40-94, 
averaging somewhat more in the blue whale and less in Bryde's whale), and 
considerably less in the humpback whale (18-24). The sei whale stands out 
with regard to arrangement of ventral grooves: they never reach the umbilical 
region, whereas in other finbacks, they go beyond this part of the belly. The 
significance of these grooves probably consists of implementing exceptional 
mobility of the fundus of the mouth of baleen whales (Nemoto, 1959)(see also 
Chapter 5). This distinction permits retaining an enormous amount of water 
in the mouth with plankton organisms suspended in the water. 


With respect to external features, sexual dimorphism is rather well 


developed in many cetacean species. We have already mentioned the sexual di- 
morphism in development of the dorsal fin of killer whales; the differences 
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between male and female body proportions are well known (Mackintosh, Wheeler, 
1929; Slijper, 1962, and others). In recent years, sexual dimorphism has also 
been discovered with reference to several specific fine points of the animals' 
external features. Thus, Nemoto (1962) discovered and comprehensively analyzed 
one of these features: a prominence on the surface of the fin whale's rostrum 
(Figure 10), while Kasuya and Ohsumi (1966) did so with reference to prolife- 
ration of epithelium (callus) in male cachalots. 





Figure 6. Steno bredanensi flying above water. The overall torpedo 
shape of the body is well visualized, as well as location 
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of pectoral and dorsai fins, shape of head and tail. 
Photography by K. Norris. 


No doubt, further investigations will disclose quite a few other 
secondary sex signs referable to external features of baleen and toothed whales. 


Il. Body Weight and Length 


The body weight of some large whales is given in Table 1. The largest 
blue whale among those caught in the last 50 years was about 33 meters long 
and should have weighed about 150 tons, which is heavier than the assumed 
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weight of any other living thing existing on our planet. Small river dolphins 
and porpoises weigh the least among the cetaceans (up to 15-30 kg). 





Figure 7. Balaenoptera acutorostrata caught in one of the bays of 
Japan. The typical head shape of baleen whales is well 
seen (Kimura, Nemotot, 1956). 


One of the remarkable distinctions of all toothed whales is the relatively 
large size of the males (the maximum difference is demonstrable between male 
and female sperm whale where the males are one-third larger than the females). 
There is also well-developed sexual dimorphism in killer whales, bottlenose 
dolphins, blackfish, beluga, and some other dolphins (Table 2). In baleen 
whales, conversely, the females of all species are larger than the males. 
The reasons for this have not been determined as yet. 


IIL. Coloration 


There are very few special works dealing with investigation of the colo- 
ration distinctions of cetaceans (Yablokov, 1956; Ivashin, 1958; Klieynenberg 
et al., 1964; Veynger, 1969; survey by Yablokov, 1963; Mitchell, 1970). However, 
in recent years, in view of the increased interest in the study of intragroup 
distinctions in dolphin behavior, as well as in view of the more intensive 
study of sense organs of Cetacea, there has also been heightened interest in 
studying coloration distinctions of whales and dolphins. 


On the basis of the general laws of distribution of light in a homo- 
geneous medium, it is found that in the case of horizontal swimming, a body 
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coloration following the principle of Thayer's "countershadow' would be the 
least noticeable (Kott, 1950).* The distribution of light in a homogeneous 
medium is such that a body with light ventral surface, dark dorsal surface, 
and gradual transitions between these fields will be the least noticeable. 
This is expressly the way in which many birds and most pelagic fish are 
colored. 





Figure 8. Shape of head of some dolphins demonstrating successive 
elongation of rostrum 


Legend: 
1) Globicephala 3) Tursiops 5) Zarhachis 
2) Phocoena 4) Delphinus 6) Monodon (Howell, 1930a) 


A. Principal Types of Coloration 


One can distinguish three groups of cetaceans according to coloration. 
The first group consists of animals of absolutely or almost absolutely one 
color (with fine spots), ranging from completely white to completely black 
(Figure 11). This groups includes representatives of both baleen and toothed 
whales: true right whales, blue whale, some beaked whales, black [false] 
killer whale, beluga, narwhal, and sperm whale. 


The second group consists of whales and dolphins with sharp colored 
spots on the body: on the head, side, belly, and flukes. The general coloration 


*It will be shown that the stipulation of horizontal swimming is of substantial 
significance to some whales. 
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distinction of this group is expressly the sharp outline of the spots. This 
group includes the killer whale, short-headed dolphin, Dall's dolphin, 
northern right whale dolphin, and some of the tropical dolphins (Figure 12). 





Figure 9. Head of Pontoporia blainvillei. Photographed by R.L. 
Braunell : 





Figure 10. 
——_ Sexual dimorphism of maxilla of Balaenop- 
ye my tera physalus. 
| WN N Left -- lateral view; right -- anterior 
view; top -- male; bottom -- female 


(Nemoto, 1962) 





Finally, the third group consists of Cetacea whose coloration is consist- 
ent with the countershadow principle, i.e., it is strictly like camouflage 
["ceryptic'’]. The animals of this group have a dark back, light belly, and 


grayish sides (Figure 13). They include most finbacks, porpoises, the common 
dolphin, and other cetaceans. 
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Table 1. Weight of some large cetaceans 








Genus, Body 


























species* |leng intern] note 
eters 
; zenkovicn, 
Physeter 13,5 22 700 - —- ~ = 1937 
18,0 53 400 a _ — = 
9,4 6 820 10,9) (32,8) | (33,0) (44,8) | Omura, 1950 
10,7 41140 | (10,3) | (83,41) | (33,0) (14,6) 
12,2 47 030 (9,9) | (83,4) | (33,0) (9,5) phate sitet 
6 O47 ult, males 
13,7 24 770 (9,6) (83,7) | (33,0) (7,9) co Gene Lae 
15,3 34630 | (9,3) | (33,9) | (33,0) (6,7) 
16,8 46 890 (9,0) | (34,4) | (33,0) (5,7) 
Pe creerera 10,7 7630 | (14,8) | (56,7) | (48,2) (8,4) | Omura, t950 
Orearis 
12,2 40550 } (48,4) “| (57,7) | (17,8) (9,4) 
13,7 | 44050 | (42,4) | (8,5) | (47,4) (9,8) |23 adults 
15,3 48150 | (44,4) | (59,2) | (47,4) (10,4) 
16,8 22880 | (40,3) | (59,9) | (46,9) (41,0) 
Bororrpiete 24,3 87290 | (47,35) | (39,55) | (26,79) | (11,94) | Nishiwaxt, 1956 
sr Seka Ymean) | 56480—| (16,9— | (36,8— | (26,4— | (10,8— | 29 adults 
400450 | 19,2) 40,4) | 28,4) 13,0) 
iol Meee 21.6 | 55360 | (16,55) | (45,50) | (24,17) | (10,56) | Nishiwaki, 1950 
peas (mean) ; 40290—) “45, a-— | 45 O | (22.1— (8,8— |19 adults 
58340 | 17,5) 49,2) | 25,8) | 10,7) 
Eubalaena 11,7. | 22866 | 3166 7990 8259 3188 | Nishiwaki, 1958 
(13,8) | (84,9) | (36,4) (14,0) | pomale 
12,4 22247 | 2924 6622 | 10,030 2435 
(43,1) |) (29,8) | (45,1) | (11,0) —— 
Megaptera 11,6— | 19738—} 2620— | 5778— | 487i— | 1864— jAdult, 4 males 
14,0 | 43927 | 5849 484125 | 12456 5848 & 3 females 
(13,8— | (32,5— | (21,9— | (8,4— | Nishiwaki, 1950° ' 
15,1) 45,0) 43,5) 13,3) sos 
3,9 735 | 242(32,9) 123 228 418 Embryo 


(46,7) | (34,0) (46,1) 


*Here (and in most other tables), the name of the species is not given in 
describing the genera. 


We should immediately indicate that this separation into groups is some- 
what arbitrary. Cetaceans are encountered that seem to combine the features of 
several groups. For example, the cryptically colored lesser finback has a 
distinct white stripe on the pectoral limb, while the sperm whale, which is 
generally uniformly colored, sometimes has white spots of irregular shape and 
different size on the belly. In spite of this, it is considered quite purpose- 
ful to make such somewhat formalized separation of all cetaceans into groups 
according to coloration, at the present level of our knowledge. 
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Table 2. Maximum body size of representatives of different cetacean genera 
(according to the summary data of Tomilin, 1962; Bourdell, Grasse, 
Lavocat, 1965; Normann, Fraser, 1948; Carvalho, 1961, 1963) 














Length, metey¥s length, meters 
Pon Genus ee Pon Genus [$$ ____— 
males |female Males | females 
Odontoceti Odontoceti 

Pontoporia 1,0 4,3 | Peponocephala 2,0 
Inia 3,0" Phocoena 1,8 2,0 
Lipotes ? 2.0 || Phocoenoides 2,1 1,8 
Platanista 2,5 Neophocaena 1,6 1,5 
Steno 2,5 Delphinapterus 6,7 6,5 
Sotalia 2,4 Monodon 6,0 5,0 
Stenella 2,7 Kogia 4,0 3,0 
Delphinus 2,5 Physeter 20,4 15,9 
Tursiops 3,9 3,3 | Berardius 41,9 12,5 
Lissodel phis 2,5 Mesoplodon 6,7 5,3 
Lagenorhynchus 3,4 Ziphius 7,9 6,7 
Cephatorhynchus 2,0 Hyperoodon 9.4 8.7 
Orcaella 2,3 Spee 
Pseudorea 6,0 5,0 wy Heats : 
Orcinus 10,0 8.2 Eschrichtius 14,6 15,5 
Grampus 4,0 3,5 Balaenoptera 33,0 
Globicephala 8,0 6,4 Megaptera 15,5 16,0 
firven : 24 Caperea 5,7 6,4 

Eubalaena 16,0 17,0 

Balaena 20.0 ? 


*This column of figures refers to length of body of animals whose sex is not 
known. 


Figure il. 
Body coloration (Yablokov, 1963) 
A) Eubalaena 
B) Physeter 
C) Eschrichtius 
Cc D) Delphinapterus 
E) Neophocaena 
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Figure 12. 
Body coloration (Yablokov, 1963) 


1-2) Cephalorhynchus commersonti 
3) Lagenorhynchus cruciger 
4) Phocoenoides dalli 
5) Phocoena dioptrica 
6) Lissodelphis borealis 
7) Globicephala melaena 
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Theoretically, the development of different coloration could be related 
to thesearch for food (cryptic, camouflaging or aposematic, dazzling coloration), 
protection from enemies (also cryptic or one that scares off), and, finally, 
to development of intraspecies communication (coloration as a signal). 


Let us consider, in brief, the main alimentary and protective relations 


that are established in water. Marine mammals (including Cetacea) are the 
highest links in the food chains of the bodies of water that they inhabit. This 
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Figure 13. Body coloration (Yablokov, 1963) 


Legend: 
1) B. physalus 3) Hyperoodon ampullatus 
2) B. acutorostrata 4) Kogia breviceps 


means that, in the vast majority of cases, they are not endangered by Carnivora. 
In fact, cetaceans have virtually no enemies (with the exception of man) (see 
Chapter 17). 


With regard to procuring food, the whale is always cast in the role of 
predator and in order to assess the nature of its coloration from this point 
of view we must know how the prey will react to an approaching predator. We 
know (see Chapter 12) that one can distinguish planktophages, planktoichthyo- 
phages, benthophages, ichthyophages, teuthoichthyophages, and teuthophages. From 
the ecological point of view, all cetaceans can be divided into "grabbers" and 
"strainers" (Tomilin, 1954). The grabbers, which include all toothed whales 
feed on prey (fish, Cephalopoda mollusks) that actively eludes pursuit. The 
strainers, which include all baleen whales capture very many organisms at one 
time ~—- be it planktonic crustaceans, schools of fish, or Cephalopoda. In this 
case, it is important to consider the extent to which ari animal must be camou- 
flaged as it approaches its prey or, in other words, to what extent different 
animals on which cetaceans feed react sensitively to an approaching whale. 


As shown by direct observations at “Sea, one can consider that the greater 
the difference between absolute size of a specific food object and a predator, 
the less fearful are the organisms that are consumed (conversely, the smaller 
the difference between body sizes, the more actively the prey eludes pursuit). 
Thus, it is a known fact that large baleen whales are located among accumula- 
tions of plankton crustaceans when they eat, and the very act of eating is a 
distinctive form of trawling and straining food by baleen whales which is 
based expressly on the fact that plankton suspended in water does not actively 
elude the approaching animal. 
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Evidently, coloration is rather indifferent with reference to plankto- 
phages and species that eat under conditions where vision cannot play a sub- 
stantial part (for example, at a great depth to which daylight does not pene- 
trate, as well as at night). The last category of species includes many of 
the beaked whales (Mesoplodon, Berardius, bottlenoses), the sperm whale, and 
other teuthophages (narwhal, blackfish, gray grampus, black killer whale, 
Dali's porpoise). As a rule, the coloration of these cetaceans is referable 
to the first group -= one color or with irregular-shaped spots varying in 
intensity over different parts of the body (see Figure 12). 


On the other hand, species that feed on fearful prey must present 
eryptic coloration which, under pelagic conditions, means that they have a 
light belly and dark back. Many typical ichthyophages, ichthyoplanktophages, 
and ichthyoteutophages present expressly such coloration (see Figure 13). 
The coloration of finbacks is a good example. The food of all species in 
this family (except the blue whale) consistently includes fish that constitutes 
over half their entire diet in some years (Nemoto, 1959; Betesheva, 1961). 
Furthermore, fish evidently represents the principal winter food for these 
whales. The coloration of all these species (ichthyoplnaktophages) is typically 
protective, in accordance with the countershadow principle. The coloration of 
the only obligate plankton consumer in this group (the blue whale) is absolutely 
uniform and monotone. These is understandable, since specimens of this whale 
species do not have to hide from plankton, whereas the other finbacks have to’ 
hide, to some extent, from fish. In this connection, the following ecological 
note is interesting. We know (Tomilin, 1951) that finbacks often turn on 
their side when "trawling" for their prey. One would think that, in this posi- 
tion, when the protective coloration loses its meaning, whales feed expressly 
on plankton. The whale should strive to maintain its normal position when 
searching for fish. 


In addition to cetaceans whose coloration is uniform or cryptic, in 
accordance with the countershadow principle, there is a rather large group of 
species with different coloration. This is the group of animals that present 
distinct spots. We know (Kott, 1950) that such coloration could be significant 
to distinguish the overall body silhouette (protection from an enemy or invisi- 
bility when attacking prey), or to scare off an enemy or dazzle the prey 
(Yablokov, 1956), or, finally, to communicate with specimens of the same species. 


In our opinion, it is difficult to interpret the significance of nonuni- 
form coloration as protection from enemies. The significance of nonuniform 
coloration as concealment from prey has not yet been determined, although it 
can be assumed that it is not great. As a rule, distinct spotted coloration 
is typical for small toothed cetaceans usually encountered in more or less 
Significant groups. This warrants the assumption that such a vivid and notice- 
able combination of colored spots could serve as an additional visual guide 
for animals within a group when eating, moving, etc. In view of the fact that 
when a dolphin moves the flukes and posterior trunk curve significantly, not 
only in the horizontal plane but also the vertical, one would think that in 
any position (front, side, or back) both the right whale dolphin and the 
spectacled porpoise, as well as Dall's porpoise and many other species would 
be quite visible at a distance. 
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The existence of various cetacean species whose representatives present 
local spots and stripes on the inferior body surface (Globicephala, Lisso- 
delphis borealis) or pectoral flipper (B. acutorostrata) suggests that the 
noticeable spots have the predominant significance of signals for specimens of 
the same species. These spots could never create the protective effect of 
separating the body outline and, of course, they should have other significance. 


The species of whales distinguished according to coloration can also 
be distinguished from the ecological point of view. Cetacea whose coloration 
is uniform and referable to the first group are either predominantly plankto- 
phages or obtain food under conditions where vision cannot play a substantial 
part (near the bottom, at a great depth, in very cloudy fresh water). Cetacea 
with distinct colored spots on the body surface are usually referable to the 
species that stay in schools. Cetacea with cryptic coloration, according to 
the countershadow principle, referable to the third group feed on moving 
prey in the top layers of water. 


Further investigation of cetacean coloration will apparently reveal 
quite a few other distinctions. In particular, we find it interesting that 
many whale species that feed on cuttlefish have light spots on the anterior 
surface of the head. Thus, many beaked whales havea noticeably light superior 
and anterior head; in the sperm whale the upper and lower jaws are usually 
pure white, which is very apparent when the mouth is open; similarly, there 
are lighter areas in the blackfish, the anterior body of the Grampus (griseus) 
is white, and it too feeds on Cephalopoda mollusks. It is absolutely not 
clear, as yet, why this is so. 


Investigation and classification of cetacean coloration merits more 
attention on the part of investigators than has been given to this matter 
heretofore. We can be certain that the general distinctions of coloration 
will be found to be a good marker for demonstration of fine ecological distinc-— 
tions of each whale and dolphin species observation of which is usually 
limited in their natural habitat, either to the relatively short whaling 
season or random sightings. 


With reference to the main types of whale coloration, we have paid 
attention to differences in coloration of different species, totally overlook- 
ing the question of variability of coloration within each species. However, 
such variability is widespread among whales and dolphins (Yablokov, 1963, 1966; 
Figure 14). 


B. Abrasions and Scars on the Body Surface 


It is very rare to observe a whale or dolphin whose pelage does not 
bear the signs of some injury -- scars, cicatrices, or scratches. A study of 
this matter reveals that all scars and scratches could be divided into two 
major groups. The first group consists of traces of teeth remaining in the 
form of parallel lines on any part of the body (but most often on the head) of 
toothed cetaceans. Observations in captivity reveal that during mating play 
dolphins bite one another, leaving superficial lacerations on the integument 
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which soon heal; traces remain in the form of light parallel stripes spaced 
in accordance with the mean spacing between the teeth. Such scars are seen 
in virtually all species of small dolphins, as well as sperm whale and killer 
whales (Scheffer, 1969, and others). 


Figure 14. 
Individual variability of coloration of 
Orcinus orca (Yablokov, 1966) 





There are observations indicative of fights between male dolphins 
resulting in appearance of scars (and even broken teeth; Tomilin, 1957). 


Another group of skin injuries resulting in scars is related to attacks 
by small Entosphenus tridentatus on great whales (Pike, 1951; Nemoto, 1955) 
and, perhaps, attacks by small pelagic sharks (Shevchenko, 1970). Round 
or long scars, several centimeters in diameter, change into white spots in a 
few months, and there can be so many such spots, particularly on the posterior 
parts of the body of humpbacks, sperm whale, finbacks (and some large dolphins; 
Slijper, 1962) that the overall body coloration becomes gray or "marbled" in 
such areas (Figure 15). 
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Figure 15. Part of body surface of a sei whale (B. borealis). 
Scars are visible at the site of injury to the integument 
caused by lampreys (? Photography by A.V. Yablokov) 


In teuthophagous whales (see Chapter 12), the entire body, especially 
the anterior part, is covered with irregular shaped scratches and scars which 
are probably due to the sharp edges of the beaks of cuttlefish, as well as round 
scars varying in size left by the suction disks on the tentacles of squid. 
Incidentally, it is expressly from the size of these scars that it was estab- 
lished long ago that sperm whale encounter giant squid reaching more than 20 
meters in size (Akimushkin, 1963). 


It is interesting to note that the skin is generally without scars among 
cetaceans that inhabit cold waters (Delphinapterus, Monodon, Balaena), and this 
is indirectly indicative of the inadequate conclusiveness of the assumption 
that scratches on the body of Antarctic rorquals are the result of skin injury 
caused by ice. 
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Chapter 2 


THE INTEGUMENT AND THERMOREGULATION 


The Cetacea are rather specialized mammals, and this is also confirmed 
by the structure of the system of integumental organs which, though it has 
on the whole retained the typical structure for this class, has undergone some 
substantial morphological and functional transformations. The reasons for 
this are referable to the specifics of the marine environment which is 800 
times denser than air, with 18-25 times greater heat capacity, and 1 atm 
increase in pressure for every 10 meters of depth. It is expressly the density, 
heat capacity of the water environment, and pressure changes of dozens of 
atmospheres when immersing that determine the structure and function of 
the cetacean integument. 


By the start of the 20th century, the works of many investigators 
(Lacepede, 1804, Scoresby, 1825; Rapp, 1830; Mayere, 1855; Weber, 1886; 
Fjelstrup, 1888; Kukenthal, 1889; Japha, 1905-1911, and others) demonstrated 
the main distinctions of structure of the integument of many cetaceans. These 
works were primarily descriptive, and they were based on isolated skin speci- 
mens. In recent years, the structure of cetacean integument has again drawn 
the attention of investigators, but this time from the standpoint of the dis- 
tinctions of its topography and mainly functions (Perry, 1949; V. Sokolov, 1955- 
1968; Bel'kovich, 1959-1965; Kramer, 1960; Purves, 1963, and others). 


A typical feature of the pelage of cetaceans is total absence of hair 
(not counting a few vibrissae on the heads of baleen whales, river dolphins, 
and the young of some toothed species), absence of sebaceous and sweat glands, 
strong development of epidermis and hypodermis. Their pelage is smooth, shiny, 
and very resilient. The coloration ranges from slate black (Neophocoena) to 
pure white (Delphinapterus), with various proportions of dark and light areas, 
spots, stripes, designs, creating a typical pattern for the species and 
serving identification, cryptic, or demonstrative functions (see Chapter 1). 
The mechanism of change in coloration during postnatal development of cetaceans 
is described in the work by V.M. Bel'kovich (1959). 


Generally, the structure of the integument is similar in all of the 
toothed whales studied. Only in southern whales is it very similar to toothed 
whales, and rorquals are distinguished chiefly by the structure of the dermal 
and hypodermal layers. We shall describe below the structure of the epidermis, 
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dermis, and hypodermis of cetaceans; some adaptive distinctions of the integu- 
ment of cetaceans and mechanisms of thermal regulation will be discussed. 


I. Epidermis 


The epidermis of cetaceans is very thick, ranging from 1 to 13 mm (Table 
3). The internal aspect of the epidermis, adjacent to the corium, is wavy and 
forms so-called epidermal crests (Figure 16). There are cells*between them 
with protrusions of dermis -- the dermal papillae that penetrate into the epi- 
dermis to almost half its thickness. 


Table 3. Thickness of epidermis (mm) in some cetacean species 


Genus, species Part of body Epidermis Horny layer Author 
Globicephala melas 2 2.8-3.9 0.3-0.4 Fjelstrup, 1888 
Hyperoodon sp. ? 12.7 0.7 Kukenthal, 1889 
Berardius bairdi Head 3.7 0.045 Sokolov, 1955 

Belly 3.3 0.024 The same 
Phiysstar Back 5.8 0.024 woos 
Side 4.8 0.045 m " 
Orcinus Belly 5.0 -- wo 
Side 5.6 0.11 0 .: 
Tursiops truncatus Back 2.1-2.2 -- es 
Belly 2.4-2.5 -- oh 
Lagenorhynchus obliquidens Back 1.81 0.036 Sokolov, 1965 
Belly 1.76 0.036 7 
Delphinus delphis Back 1.9-2.0 -- e 
Belly 1.1-1.8 -- 
Ziphius ? 1.0 0.3 Kukenthal, 1889 
? 9.0 1.0 " 
Delphinapterus Back 8.0 0.8 Bel'’kovich, 1959 
Belly 7.2 0.7 si 
B. physalus Back 3.0 0.060 Sokolov, 1955 
Belly 2.9 0.092 As 
B. borealis Average 1.5 0.07 Japha, 1906 
Belly 0.3-1.0 0.025-0.11 5 
B. acutorostrata Back 1.7 0.12 Sokolov, 1955 
Eubalaena Back 13.2 0.1 Sokolov, 1962 
Belly 11.6 -- " 


The internal aspect of the cells*is covered with epidermal processes that 
are particularly numerous and large in the lower part. At the base of the 
epidermis is a germinal (Malpighian) layer the area of which is enlarged, 
since it also lines the surface of the cells* accompanying the dermal papil- 
lae (see Figure 16). Thus, the entire growth of epidermis occurs in the 
limited space of epidermal septa between cells* white the growing cells have 
to shift from the periphery inward and up. This is reflected in the structure 
of the epidermal septa: they are narrower near the dermis and gradually widen 


*In the sense of honeycomb, or cubicle. 
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upward; accordingly, there is a larger quantity of cellular layers in them. 
On cross section, we clearly see that the cells are located in concentric 
circles around the honeycombs in the epidermal septa, occasionally forming 
numerous depressions in the smooth and shiny surface of whale skin. 
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Figure 16. 


Legend: (B) (V. Sokolov, 


1) epidermis 

2) dermal papillae 
3) dermis 

4) hypodermis 


As a rule, hornification of epidermal cells is not complete. 





Structure of integument of rorquals (A) and toothed Cetacea 


1955) 


5) subcutaneous musculature 
6) bundles of collagen fibers 
7) bundles of elastic fibers 
8) fat cells 


Only the 


strata spinosum and corneum are clearly discernible, whereas neither the lucidum 


nor granulosum are present. 


There is a well-developed network of tonofibrils in the whale epidermis; 
they originate in the inferior parts of the epidermal crests and permeate the 


entire epidermis. 


The structural details of the epidermis change according to age of the 


animal and part of the body. 
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In the prenatal beluga embryo (Delphinapterus) the horny layer makes 
up almost half the epidermis. In the neonate beluga, the epidermis is almost 
twice as thick as in the prenatal embryo, but there is almost no change in 
the proportion between the epidermis and horny layer, Such a powerfully devel- 
oped epidermis, almost half of which is raised above the dermal papillae, is 
very unstable and the surface layer beings to scale off in young beluga -- 
"molting" which results in removal of part of the embryonic epidermis. In 
older animals, the horny layer thickens 3-4-fold again. 


Development of the integument in baleen whales is approximately the 
same. Differentiation occurs in the fourth month of embryonic development, 
and in the sixth month there is distinct demonstration of all skin layers. At 
the age of 8 months, the dermal papillae begin to grow and the epithelial 
layers begin to differentiate (Naaktgeboren, 1960). Evidently, the difference 
in structure of the horny layer of neonates and adult animals has thermoregu- 
latory significance (Bel'’kovich, 1962). 


We have mentioned above the very strong development of papillae in the 
dermal layer, and they literally beset the epidermis over almost half its 
thickness. On the one hand, such structure provides for a very firm union 
of the epidermis and dermis, since the surface of the basement membrane 
increases by many times; on the other hand, it makes it possible to increase 
significantly the area of the germinal layer of the epidermis, which is import- 
ant for it to become so exceptionally thick. 


II. Corium 


The dermis, or corium, is well-developed in toothed whales and it is 
represented by two layers: reticular and papillary. In baleen whales, only 
the papillary layer is distinct, although a representative of right whales 
(Eubalaena) is an exception from this general rule and has a well-developed 
thick dermal layer without fat cells (Sokolov, 1962). 


The papillary layer of the corium consists of fine collagen and a few 
elastin fibers that are rather densly interlaced and directed along the body 
axis. Cellular elements (fibroblasts, histiocytes) are rarely encountered. 

On the borderline with the epidermis, the papillary layer forms ridges that 

fit into the spaces between the epidermal crests (see Figure 16). The dermal 
papillae originate from these ridges; the papillae consist of a bundle of 

fine collagen fibers enveloped by a network of elastic fibers. There are 
numerous protrusions of connective tissue in the dermal ridges and papillae 
which enter the spaces between the above-described prominences of the epidermis. 


There is a dense vascular network in the dermal ridges from which there 
are ramifications to all the dermal papillae and all protrusions of connective 
tissue. Within the epidermal honeycomb, along with dermal papillae, these 
vessels issue lateral branches to the walls of the epidermal septum and 
gradually become thinner. 


In the topmost part of the papilla, the vessel curves in an arch and 
turns back. The length of the dermal papillae is quite consistent with the 
overall thickness of the epidermis, changing in the range of 40 to 60%. 
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The retinal layer of the dermis is represented chiefly by tightly inter- 
woven collagen fibers, and there are already fewer elastic fibers. The 
bundles of collage fibers located in this layer are directly chiefly along 
the animal's body axis or at a small angle to it. They are somewhat larger 
than in the papillary layer, and they thicken with age. In the retinal layer, 
there are also blood vessels with well pronounced media and walls of the 
Muscular type. They are somewhat larger than in the papillary layer, they 
give issue to almost no branches in the lower parts of the corium; they begin 
to give off branches only as they come closer to the papillary layer. 


In beluga embryos -- and probably all toothed cetaceans -- the corium 
consists of reorganized mesenchyma with very thin collagen fibrils and numerous 
fine blood vessels that profusely supply the mesenchymatous cells and endothelial 
cells; at the early stages of development, there is no protrusion of corium 
into the epidermis (papillae). 


In finwhales, the dermal ridges originate in the embryo at 5.5 months, 
and first in the head region (Naaktgeboren, 1960). Their definitive formation 
ends 2 months later, after which the dermal papillae begin to grow (Figure 17). 
In the prenatal beluga embryo, the corium is completely formed, and it is only 
the large number of filled blood vessels that lend it the specific embryonic 
appearance. In the larger suckling young, the corium is somewhat thicker, while 
there are fewer vessels visible on section. The thickness of the dermis then 
decreases (up to about the 2nd year of the animal's life), and this is appa- 
rently related to growth of the fatty layer. 


Thereafter, as the animal grows, the corium becomes somewhat thicker, 
but generally the thickness of beluga skin is rather constant and undergoes 
little change in its lifetime (Bel'kovich, 1962). 


The above-described histological structure is typical for most of the 
corium. But the structure of the dermis is different in the tail fin (Kleynen- 
berg et al., 1964); it is represented by four layers of fibers going in differ- 
ent directions. 


In general, the thickness of the dermal layer is rather uniform over 
most of the whale body. This is their advantageous distinction from the skin 
of terrestrial mammals in which the thickness of the dermal layer usually 
diminishes from back to belly. 


Ill. Hypodermis 


Some fat cells begin to appear in the inferior parts of the corium of 
toothed and right whales; then their number increases rather rapidly, they 
gradually eject connective tissue. In rorquals, the hypodermis begins virtually 
directly under the epidermis. In the histological respect, this is perhaps the 
most homogeneous tissue. It is usually represented by many thin-walled fat 
cells between which there are sparse collage fibers going in varied directions. 
A profusion of elastic fibers in the form of network and numerous bundles is 
typical for rorquals, and this is not observed in the hypodermis of other whales 
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Figure 17. 

Diagram of development of skin in 
the finwhale (B. physalus) (accord- 
ing to Naaktgeboren, 1960) 

Legend: 

m) embryo body length, meters 

M) age, months 

e) epidermis 

d) dermal ridges 

p) dermal papillae 


IV. General Features of Cetacean Skin 


(Sokolov, 1962), with the exception of 
dolphins. In the killer, small-headed, 
and common dolphin, the network of 
elastic fibers is developed considerably 
better than in sperm whale and beaked 
whale, but it is more superficially 
located than in rorquals, and it does 
not form thick bundles. Blood is sup- 
plied to the fatty tissue through a 
rather dense capillary network; in addi- 
tion, there are large branching vessels. 
On the borderline where the corium turns 
to fat, they form a vascular plexus. 


The thickness of the fatty layer is 
subject to significant age- and sex- 
related, individual, seasonal, and topo- 
graphic changes. Blubber is always 
thickest in whales in the winter, and 
thinnest in adult specimens during the 
reproductive period. Typically enough, 
the fat coefficient in young animals 
changes less in relation to season 
(Kleynenberg, 1956; Kleynenberg et al., 
1964). 


The fatty layer forms a rather uni- 
form coat over the whale body, ranging 
from 2 to 47 cm in thickness in differ- 
ent species. The greatest thickness of 
this layer is located over the maxilla 
in toothed whales, in the form of a 
frontal prominence, a sort of "pad" or 
"melon." Here, the blubber thickness 
reaches 85 cm (Physeter). There are two 
more noticeable thickenings (up to 30 cm) 
on the back, near the origin of the 
tail stem, and on the belly, near the 
mammary and anal glands, where the thick- 
ness of blubber reaches 25 cm. On the 
caudal peduncle, there is the most fat 
on the top, and least on the sides. The 
connective tissue of the fins also has 
an abundance of blubber. 


The integument of cetaceans is characterized by significant thickening 
of the external layer (epidermis) and the innermost one (hypodermis). A dense 
medium, such as water, offer strong resistance to a body moving in it. The 
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flow around the whale'’s body [streamline] affects different parts differently. 
The areas that "cut" the water will experience the greatest loads: anterior 
part of the head and flippers. Evidently, thickening of the epidermis in 

this area is important to increase the resilience and streamline flow, since 
it is the boundary layer of water rather than the epidermis that is exposed 

to friction, and this explains, to some extent, lack of wear [erosion] thereof. 


Of interest is the hypothesis that a hydrophobic surface (and the skin 
of whales has this property) could lead to "circular organization" of the 
molecules of water around it and that the propulsion of this surface in water 
is characterized by rocking in these "rollers" (Afonina, 1961; quoted by 
Tomilin, 1962) rather than friction. 


The great thickness of the cetacean epidermis and distinctive process of 
cornification of its external layers are, no doubt, of adaptational signifi- 
cance. It is known (Gray, 1936) that the high velocity of cetaceans (and dol- 
phins in particular) in water could not be attributed to their "thrust produc- 
tion coefficient" [coefficient of force?] (Gray's paradox) (Gray, 1936; Parry, 
1949). 


It was recently learned that the integument is involved in the rapid 
propulsion of dolphins in water: because of its distinctive structure, the 
turbulent vortices are changed into laminar ones, so that the dolphin can 
move rapidly in water with minimum expenditure of force (Kramer, 1960). A 
definitive answer to the question has not yet been found, but one thing is 
certain: only an integral study of the integument and organism of cetaceans 
can lead to the correct answer. Evidently, the thick epidermis, with the 
dermal papillae and sensory system, corium, and hypodermis with adjacent 
musculature -- all participate together and differently in performing this 
task. 


An interesting distinction of the cetacean integument is that the honey- 
comb cells of the epidermis are elongated in most species, and their longitudinal 
axis is usually parallel to the animal's body, facing the flow of water (Sokolov, 
1955, and others). As they approach the anterior edge of the caudal fin, their 
oritentation changes, and their longitudinal axis turns crosswise in relation 
to the caudal peduncle, whereas along the very edge of the fin it is directed 
lengthwise (Figure 18). Special investigations (Purves, 1963; Kuznetsov, 1966, 
and others) revealed that in the common dolphin, in the anterior part of the 
body, on the sides, the dermal ridges are directed somewhat from bottom to 
top (13-20°), along the body axis on the back, and at a 20-25° angle in the 
posterior part of the body; the angle is 30° in the region of the caudal 
peduncle. In the porpoise, this angle constitutes 8-12° on the sides and 25° 
at the base of the peduncle. This structural distinction explains the coin-— 
ciding force streamlines of water and movement of the tail fin, and it could 
have a bearing on the streamline effect. An analogous finding is made in 
the fluke of the beluga, the only distinction being that the honeycomb cells 
are almost round along the anterior margin of the tail fin (Kleynenberg et al., 
1964). 


The shape of the honeycomb cells is apparently somewhat related to the 
ecological distinctions of whales (Sokolov, 1955). Thus, in high-speed 


forms (killer, lesser rorqual), these cells are oval, unlike the slow and 
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deep-diving forms (sperm whale, Berardius), which have cells that are rounder 
and covered with epidermal protrusions from within. Since water pressure is 
penetrating and the integument and internal organs are equally exposed to it, 
the possibility can be ruled out that the increased thickness of the fatty layer 
(or degree of development of connective tissue) is related to protection from 
water pressure (as is occasionally believed in some works). It is much more 
convincing to relate the thickness of the fatty layer to thermoisolation. 
Incidentally, this could explain, in part, why it is larger in diving species 
since they usually take food in the colder layers of water than the superficial 
species (Bel'kovich, 1964). 


Figure 18. 
Diagram of arrangement of dermal ridges 
(according to Pruves, 1963) 
a) Delphinus delphis 
b) Phocoena phocoena 





The thickness of the corium of whales increases rather consistently in 
the "functional [working] areas" (Table 4). V.Ye. Sokolov (1955) first 
noticed that the blubber in these same areas is considerably thinner, or there 
is none at all, since it is not a supportive element. 


We are impressed by the strongly developed network of tonofibrils in 
the whale epidermis. The nature of their arrangement (in arch-shaped rows, 
parallel to the dermal papillae, at the level of their peaks, folding in 
parallel to the surface of the epidermis, i.e., with a 90° change in angle) 
gives us every reason to consider them as a powerful resilient ["springy"] 
system that transforms the thick epidermis into an excellent shock absorber 
(Bel'kovich, 1969), which has been proved convincingly with reference to 
other animals (Kukenthal, 1889; Grynfeltt, 1930). In addition to tonofibrils, 
there is another distinctive structure in the epidermis. We refer to the 
markedly enlarged and even somewhat hyalinized columns of cells above the dermal 
papillae. There is every reason to assume that they play some part and serve 
to transmit mechanical oscillations to the nervous system (see Chapter 11). 


The corium of toothed whales differs negligibly from that of terrestrial 
mammals (for. example, cows) with regard to thickness. The distinctive feature 
of cetacean corium is that most collagen fibers are parallel to the body axis 
(Vladikov, 1940). This increases its tensile strength almost 1.5-fold. As it 
covers the body rather uniformly in a layer, the corium becomes quite thick in 
some areas, for example, on the anterior part of the head, over the blowhole, 
over the skull, and at the end of the mandibula of the beluga. There is dist- 
inet manifestation of functional differentiation of these thicker areas. The 
marked thickening of the derma near the blowhole, without fat, creates a rigid 
structure that is excellently adapted to break through new ice. The thicker 
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corium on the lower jaw and lips correlates well with searching for food from 


the ground. 


The dermal thickenings in other parts of the body, where there 


is some blubber, could be interpreted as dampers [or shock absorbers] varying 


in rigidity. 


The frontal prominence is a different type of adaptation: it 


serves toothed whales as an acoustic lens to provide the direction of the 


echolocation signal as well (see Chapter 10). 


Table 4. 


Comparative thickness of epidermis (% of skin thickness) and horny 


layer (% of epidermis thickness) in some Cetacea (according to the 


data of different authors) 















Epidermis Horny layer 
Genus, species anter./anter. | 
Pon, 34x Page part ane aes 
5 f elly| ©¢9 head 
tail fin i 
Del phinapierus 41,7; 15,00) 86,4* | 44,7 2,5 | 1,89 4,5 15,00 
Physeter 5,7) — 24,8 11,1 04] — 8 »70 
Berardius baerdii 1,2) 2,30 Se 5, — 0,71 _ 4,17 
Lagenorhynchus obli- 13,0) 15,70] 79,0 1,4 | 2,09 4,2 —_ 
quidens 
B. acutorostrata 6,0} 4,03) 49,7 — 6,7 | 3,10 | 46,2 _ 
B, physalus 6,0) 6,4 - a 2,0 | 3,0 = a 


*Dorsal aspect 


The indices of relative thickness of the dermal and hypodermal layers 


in cetaceans (Tables 5 and 6) are rather similar. 


Table 5. 


Thickness of corium (% of skin thickness) of some cetaceans (accord- 


ing to V. Sokolov, 1955, 1962; Kleynenberg et al., 1964) 

















Pon, six Genus, species **° Belly| Side | Tow) Manat bute 
Delphinus delphis 3,9 3,8 3,5 ae = ran es 
Delphinapterus 5,45 6,9 8,53 56,5 15,42 | 88,2} 69,5 
Lagenorhynchus obliquidens 10,40 27 {0,40 27,7 = = = 

Physeter 44,70 13,6 13,60 75,2 51,30 _ aad 

B. acutorostrata 3,00 i,8 _ 50,3 _ _ - 
ELubalaena 4,8 2,9 2,6 47,2 _ ~ —_ 





Thus, the structure of the integument of cetaceans is quite unique. 


This 


is manifested, first of all, by strong development of resilient epidermis with 
a system of tonofibrils and deep dermal papillae in it, as well as considerable 


increase in thickness of the fatty layer. 


In the comparative aspect, one should 


note the absence of corium in Balaenoptera, and strong development in this 


species of bundles of elastic fibers in the fatty layer. 


The cetacean integu- 


ment is well innervated; Merkel cells, Krause bulbs, and diffuse nerve endings 


are noted. 
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Table 6. Development of fatty layer ("fatness coefficient" as percentage of 
body length) in some cetaceans (according to V. Sokolov, 1955, 1962; 
Kleynenberg et al., 1964) 


Genus, 


Pon. BAR species siae Belly 








Back 





Odontoceti 


Deiphinus 
Globicephala melas 
Orcinus : 
Del phina pierus 2 
riiyscier 07 
Berardius bairdi | , 19 ae 
Mysticeti 
Balaenoptera mus- 
culus 
- B, acutorostrata 0, oy 5 0, 5 
B, physalus . ree 6 
B. borealis 
Megaptera novae- 
angliae 4,5 
Ralaena musticetus 3, 
4, 


4 
Eubalaena glacialis 3) 113 | 1,67 


V. Mechanism of Thermal Regulation 


Regulation of body temperature and maintenance thereof at the level 
is necessary for homoiothermous animals, such as cetaceans, otherwise the normal 
course of metabolic processes would be disrupted. Thermoregulation occurs both 
in the form of alteration of heat production (chemical thermoregulation) and 
alteration of heat emission into the surrounding area (physical thermoregula- 
tion). In higher mammals, the latter prevails significantly (Slonim, 1952; 
Rothman, 1954; Khenzel', 1960, and others); In homoiothermous animals, the 
actual mechanism of thermoregulation regulates essentially heat emission 
(Steysi et al., 1959), so that comprehension of thermoregulation in cetaceans 
could be gained by studying the heat emission mechanisms. 


The heavy layer of subcutaneous blubbler which (by virtue of its low 
head conduction) retains heat, suggested an interpretation to the first 
investigators (Lacepede, 1804; Kukenthal, 1890; Beddard, 1900, and others) 
of the reason why whales can exist in water. Later on, they became interested 
not only in the question of retaining heat, but also regulating emission 
thereof. 


In mammals, various combinations of perspiration, convection, pulmonary 
hyperventilation, and radiation serve to transfer excessive heat. Cetaceans 
are deprived of most of these opportunities, and do not really require then, 
since the high thermal conductivity and the usually low temperature of water 
creat ideal conditions for contact heat transfer. 
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The main magnitude of heat emission is determined essentially by skin 
temperature and it is regulated by circulation. The amount of heat transferred 
is determined by the skin and environment temperature gradient. The corre- 
lation of skin and ambient temperature difference to body and skin temperature 
difference is determined by the intensity of blood flow, and it is called the 
thermal circulation index (Burton, 1935), or TCI. 


The fatty layer of cetaceans has a profusion of blood vessels. One 
encounters numerous capillaries and larger vessels that pass through the hypo- 
dermis with hardly any ramifications. At the site of the arbitrary boundary 
between the hypodermis and corium, the vessels form a plexus in the plane paral- 
lel to the body surface. There considerably less development of the capillary 
network in the coriums than in the hypodermis; the vessels travel without sig- 
nificant ramification. In the superior part of the papillary layer, all of 
the vessels that travelled mainly perpendicularly to the surface before this 
point turn sharply and form a dense vascular plexus between the dermal ridges, 
and it is again parallel to the body surface (Bel'kovich, 1959a). 


It must be stressed that there is good development of muscles in the 
arterial walls. For this reason, the diameter of the arterial lumen is subject 
to considerable change, i.e., blood flow may increase or decrease. In addition, 
many arteries in the dermis and hypodermis, particularly at the sites of the 
above-mentioned plexi, present numerous anastomoses with veins and dilatations. 


The blood supply to the fins is substantially distinct in that there 
are so-called complex vessels (Hunter, 1787; Tomilin, 1951; V. Sokolov, 1955; 
Scholander, Schevill, 1955, and others). These vessels are in the retinal 
layer of the fin and constitute an artery of the muscular type surrounded 
by a ring of thin-walled veins. 


Similar structures were found not only in other marine animals -- seals 
and sea cows (Wislocki, 1928; Fawcett, 1942), but also in mammals unrelated to 
water: marsupials, sloths, anteaters, and lemurs (Hyrtl, 1864; Miller, 1904; 
Weber, 1904; Davies, 1947); in birds: Ratitae, penguins, and cranes (Hyrtl, 
1864; Muller, 1898). These vessels have been demonstrated in the extremities 
of mammals and birds, as well as other parts of the body that are exposed to 
more cooling: in the ears, on the tip of the nose and tail, and in the distal 
parts of the extremities (Schumacher, 1931; Irving, Krogh, 1955). 


The function of complex vessels could be described as follows. Arterial 
blood passing in an artery of a complex vessel to the peripheral parts of the 
flipper has a high temperature level, which is the same as the animal's body 
temperature, i.e., of the order of 37°. According to present views, the 
temperature of the parts of the skin beneath the hypodermis, i.e., epidermis 
and corium, equals the temperature of the surrounding water (Irving, Hart, 
1957). Therefore, all blood entering these parts of the body is cooled very 
rapidly and, collecting in the veins, shows a temperature level that is appa- 
rently not very different from the temperature of the tissues through which 
it passed. This is inherent to all regions of the integument, including the 
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flippers, when the complex vessel is lacking or it is not functional. If, 
however, it is functioning, cold venous blood enters the veins surround the 
artery with blood that has a high temperature, and moves from the periphery 
to the middle. This will be associated with heat transfer between the cold 
venous and warm arterial blood and somewhere at the exit of the complex vessel 
from the flipper the temperature of these streams of blood will become equal 
to body temperature. Thus, as arterial blood advances in the complex vessel 
toward the periphery its temperature gradually drops, since it transfers its 
heat to venous blood flowing in the opposite direction, and the temperature 
of the latter gradually rises. In this manner, maximum economy of heat loss 
in the flipper is gained (Scholander; Schevill, 1955). Thus, the complex 
vessels of the flipper can reduce heat loss (analogously to the fatty layer). 


It was demonstrated experimentally (Bazett et al., 1948) that, in man, 
the brachial artery may emit 3° of arterial blood temperature per 10 cm of 
travel, while it passes between two veins. This device for retaining heat, 
which operates on the countercurrent principle, is technically primitive, as 
compared to the complex vessels of cetaceans where the artery is surrounded by 
9-20 veins which, no doubt, should increase significantly heat transfer between 
arterial and venous blood. 


As we now turn to actual physical thermoregulation, we should stress 
once more that the temperature of the epidermis and dermis of cetaceans is 
almost the same as that of the surrounding water (Bel'kovich, 1961, 1962, 
1965) and that the entire cetacean integument, rather than only some special- 
ized areas, can serve for thermoregulation. This is also confirmed by the 
heterothermy of cetaceans as homoiothermous animals with a poikilothermous 
envelope. The latter circumstance is decisive in thermoregulation in a water 
environment, and it determines the range of temperatures in which a whale of 
a given size can normally exist, with the appropriate thickness of insulating 
fatty layer. This must also be taken into consideration when keeping whales 
in captivity. Thus, prolonged restriction of movement of dolphins requires 
that they be kept in water of 22-26° for normal vital activity, and if the 
water temperature drops or rises it would lead to their overcooling or over- 
heating. 


The opinion is held (Gawn, 1948; Sleptsov, 1955; Sokolov, 1958) that 
with large physical loads cetaceans get rid of excessive heat expressly as 
a result of triggering integumental circulation. It was shown experimentally 
(Irving, 1939) that when seals dive, there is considerable overlapping [or 
bridging? } of circulation in muscles during apnea. In addition, when cetaceans 
dive, there is generally extremely negligible peripheral circulation (Scholander, 
1940). This suggested (Bel'kovich, 1962) that when cetaceans dive circulation 
stops in the skin and resumes only at the time of inspiration -- expiration. 
It is quite clear that integumental circulation will be periodic, pulsating. 
Access of blood to the skin would no longer be regulated by overproduction of 
heat: this pulsating flow of blood will be directly related (in time) to 
the presence of the whale's blowhole above water, (in intensity) to magnitude 
of muscular work, and, consequently, minute volume of the heart. The morpholo- 
gical structures indicate that, in some cases, blood can travel over the entire 
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system of integumental vessels almost to the surface of the body; in other 
cases, blood flow may terminate subepidermally, in others yet it may end in 
the inferior parts of the corium; finally, circulation may not go beyond the 
hypodermis. This possibility of access of blood to the more superficial 
(cooler) or lower (less cooled) areas permits rather effective alteration of 
heat transfer. Evidently, such "layered" circulation must be regulated by 
the nervous system and blood pressure, which is quite consistent with the 
level of heat production, minute volume, and, consequently, the need for 
greater or lesser heat transfer. 


There are also complex vessels in the oral cavity of baleen whales 
(Van Utrecht, 1958), and, in relation to their ecology, this is indicative 
of the great significance of heat transfer by the oral cavity and baleen 
plate base in thermoregulation. Apparently, the principles of regulation are 
similar to what we have described. 


In different parts of the skin, arteries and veins passing side by side 
are often encountered in the corium. Evidently, this too could be interpreted 
as a device that serves, to some extent, for heat transfer between arterial 
and venous blood, thereby reducing heat loss. The presence of a thick horny 
layer at the early stages of postnatal development (see above), which is 
typical for all cetaceans, could be directly related to the distinctions of 
thermoregulation (Bel'kovich, 1964). 


Estimates of TCI in the body regions of the common dolphin (Bel'kovich, 
1965) indicate that there is wide range of changes in blood supply. In all 
parts of the body (with the exception of the side and blowhole), the TCI 
could equal zero, which is indicative of equilibrium in their system of heat 
intake and emission. A shift in the direction of negative TCI was noted 
in all areas (with the exception of the blowhole and flipper), and it was 
indicative of overcooling of the area, reduced influx of blood, and, conse- 
quently impossibility of maintaining equilibrium (Table 7). Positive TCI 
are common, and they are the most distinctly demonstrable, thus corroborating 
the conclusion that the entire body surface of the animal actively emits heat. 
It is interesting to note that it follows, from these data, that under the 
conditions of that experiment filling of different parts of the integument 
with blood could vary over a wide range: 178-fold difference in the dorsal 
skin, 18.6-fold in the flipper, 12-fold in the region of the blowhole, 16-fold 
on the side, six-fold in the caudal peduncle, and five-fold in the dorsal fin. 
In view of the above-mentioned various thermoregulatory conditions in each 
of these areas and the similarity of topography of blood vessels in them, it 
may be assumed that if it is necessary to transfer excess heat, there could 
be an increase, by hundreds of times, in circulation in cetacean integument. 


Thus, physical thermoregulation of cetaceans occurs through "layered" 
changes in continuously pulsating circulation in overcooled integumen. Heat 
emission from the flippers occurs in accordance with the operation of complex 
vessels. Thermoregulation in the oral cavity, where there are complex vessels 
to reduce heat loss, is also very important in baleen whales. 
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It is apparent from this survey that the integument of cetaceans 
presents highly perfected features of adaptive structure for their marine 
habitat, with the high density of water, its heat capacity, and changing 
pressure. The disappearance of a hair covering, skin glands, hypertrophic 
development of the epidermis and hypodermis, development of a complex system 
of tonofibrils, dermal ridges that are specifically oriented, "layered circula- 
tion," development of complex vessels and abundant innervation -—- all this 
constitutes refined adaptations to rapid swimming, fine thermoregulation, and 
detailed analysis of the water environment (see Chapter 11). With respect 
to systematics and phylogeny, of interest are the sharp differences between 
the structure of the integument of toothed whales and rorquals, and the inter- 
mediate position of right whales with regard to this feature. 
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Chapter 3 


SKELETON AND MUSCULATURE 


There are many works dealing with the skeleton of Cetacea. We know of 
only a few generalizing reports, the main ones being the works of F. Beddard 
(1900), E. Slijper (1936), E. Bourdelle, P. Grasse, and R. Lavocat (1955). 

Of the several possible systems of considering the skeleton, we adopted the 
following one: analysis of skull structure and hyoid system, vetebral column, 
rib cage, anterior and posterior limbs. 


A different position was form d with regard to investigation of cetacean 
myology. By virtue of a number of objective reasons, rather comprehensive 
studies of muscles are usually conducted only on small embryos. Furthermore, 
differences in terminology make it difficult to make a close comparison between 
the distinctions of structure and arrangement of muscles in different species. 
For this reason, cetacean myology as a whole is one of the least studied fea- 
tures of their overall morphology. 


I. Skull 


In view of the basic importance of identifying the skull structure to 
the systematics and phylogeny of cetaceans, after an overview of skull struc- 
ture, in separate sections we submit material describing the distinctions of 
skull structure in different groups of whales, and only after this will a 
more general comparison of the distinctions be made. 


A. General Review of Cetacean Skull Structure 





For 90 years now, the work of P. van Beneden and P. Gervais (1880) 
remains the most significant work in the area of comparative anatomic survey 
of skull structure of all Cetacea; it contains descriptions and illustrations 
of skulls and other parts of the skeleton of most cetacean species. However, 
these authors, like L. Lacepede (1804), F. Cuvier (1936), V. Lilljeborg (1863), 
D. Eschricht (1849), and later on F. Beddard, E. Slijper, N.A. Smirnov, A.G. 
Tomilin, and other contemporary investigators, were not concerned with compara- 
tive anatomic consideration of representatives of the entire order as a whole. 
When it was necessary to compare the skull of baleen and toothed whales, this 
was done with reference to a skull from one of the baleen species (usually 
some small rorqual) as compared to the skull of some common dolphin species. 
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Figure 19 
Diagram [scheme] of skull structure 
(superior and inferior views) in 
different groups of cetaceans 
Legend: 
1) Platanistidae 
2) Ziphiidae 
3) Delphinidae 
4) Balaenopteridae 
5) Balaenidae 
Pmx) praemaxillae 
Vom) vomer 
jug) jugale 
Sq) squamosum 
Pa) parietale 
Pal) palatinum 
Pt) pterygoideum 
Fr) frontale 
Lac) lacrimale 
mx) maxillae 
Sph) sphenoidem [sic] 
Oc) occipitale 
Bt) bulla tympani 
n) nasale 
Als) alae sphenoid 
Mast) mastoideum 
§.0c) supraoccipitale 





Our objective was to make a broad comparison in order to obtain as 
complete as possible characteristics of the skull structure of cetaceans. It 
is difficult to inspect all the whale skeletons in different museums of the 
world, and it is impossible for the time being to pursue comprehensive morphol- 
ogical analysis of the skull of all species. For these reasons, we chose the 
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Figure 19 (continued). 


following system of studying the skull (this system was also used for other 
parts of the skeleton). 


After preliminary examination of the skulls of several cetaceans 
(Delphinapterus, Tursiops truncatus, Delphinus delphis, Phocoena phocoena, 
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Figure 20. 
General plan of skull structure 
Legend: 
1) Delphinidae 
2) Hyperoodontidae 
3) Platanistidae 
4) Kogia breviceps 
5) Balaenidae 
6) Balaenopteridae 
7) Rodentia 
8) Carnivora 
9) Artiodactyla 
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Orcinus platanista, Physeter, Berardius bairdi, Balaenoptera musculus, 

B. acutorostrata) existing in the collections of the zoological museums of 
Moscow State University and the USSR Academy of Sciences as well as our 
collections, we reviewed the works available to us, which contained authen- 
tically reproduced drawings of cetacean skulls in ventral and dorsal projec- 
tions. These drawings were reproduced on the same scale according to length 
of skull and were compared in this form (with particular distinction of the 
boundaries between different large bones). The comparisons were first made 
within the families of Delphinidae, Platanistidae, Hyperoodontidae, Physeter- 
idae, Balaenopteridae, Balaenidae, and as a result it became possible to 
produce some general diagrams of skull structure (Figure 19) for each of 
these families (with the exception of Physeteridae, since, as it will be 
shown, Kogia breviceps and Physeter macrocephalus present very specific and 
perhaps basically different skull structures). 


However, further comparison in order to demonstrate the most common 
characteristics of skull structure in the baleen and toothed whale groups 
according to these systems, characterizing different families, was found to 
be difficult. The next step was made to generalize the data obtained: the 
systems of skull structure for each family were submitted in the form of 
combinations of different rectangles, the location and size of which corres- 
ponded to the size and location of different bones in the skull. Special 
attention was given to preservation of exact reciprocal location of different 
bone elements (Figure 20). 


Before we turn to a description of skull structure referable to ceta- 
cean families, we should briefly discuss homologization of different bones. 
This must be done because to date there has not been any uniformity in 
naming the different skull bones. 


In a general consideration of the skull of toothed whales, we see 
virtually all the bone elements inherent to the skull of mammals in general. 
Let us consider the skull structure in a series of young specimens and 
prenatal fetuses, where fusion of bones has not yet occurred and the boun- 
daries between different elements are particularly distinct. Figure 21 
illustrates the skull of a porpoise embryo skull (Phocoena phocoena), and 
we distinctly see the boundaries between the superior, lateral, and main 
occipital bones, the boundaries between the occipital and parietal bones, 
as well as the boundary between the superior occipital bone and the bone 
that could only be interpreted as an interparietal bone. It is important 
to pay attention to the last circumstance since, in the vast majority of 
cases, this interparietal bone merges completely with the superior occipital 
bone, and the impression is gained that it is reduced in toothed cetaceans. 
On this same figure, we see the important structural details of the anterior 
part of the skull, which also eludes the investigators when skulls of adult 
specimens are studied. In the first place, the vomer is distinctly separated 
from the basilar occipital bone. The first of the bones that is adjacent to 
the basilar part could be identified without hesitation as the main sphenoid 
bone. Homologization of the next bone is less reliable: this could be the 
anterior sphenoid, sphenorbital, or ethmoid (which is less probable in view 
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Figure 21. Structure of base of the skull in the prenatal fetus of 
Phocoena phocoena (A), and skull of a young B. borealis (B) 
(Beneden, Gervais, 1880; Schulte, 1916). Designations 
are the same as on Figure 19. 


of its shape and location). There is no complete certainty as to interpre- 
tation of the lateral elements of this complex. Should the tympanic bone, 
which is well visualized, be considered as the entire petrosa or only part 
of it? On this depends the designation of the next pair of bones anterior 
to the tympanum and lateral to the main sphenoid bone: it could be the 
petrosa proper, or only one of the parts of the petrosa, or the sphenoid 
alae. If these are the sphenoidal alae, then the elements lying in front 
of them should be designated as the sphenorbital ones. Otherwise, the 
latter should be considered as the sphenoid alae. 


Some questions arise with reference to the bones adhering directly 
to the vomer on the dorsal side. This could be either the dorsal part of 
the anterior sphenoid, or prominent elements of the nasal [olfactory] bone. 
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The above-mentioned difficulties of precise homologization of differ- 
ent elements of the anterior part of the skull should not be exaggerated. 
It is quite apparent that all the basic elements of the set of sphenoid bones 
are retained in the skull of toothed whales, as well as that the vomer does 
not necessarily have to be directly linked to the main occipital bone. The 
latter is considered particularly important in the light of interpretation 
of the bone adjacent to the basilar occipital bone as the vomer (see, for 
example, Tomilin, 1959, 1962; Fraser, Purves, 1960). Perhaps such homologiza- 
tion of the bones is related to automatic extrapolation to the skull of 
toothed whales of the situation that is typical for the skull of baleen 
whales. In baleen whales, indeed, the strongly developed vomer completely 
covers the ala major and is adjacent to the anterior margin of the basilar 
part of the occipital bone. On the baleen whale skulls that we examined, 
the secondary, covering nature of the connection between the vomer and occi- 
pital bone is well seen. 


The situation is different in the skull of toothed whales: the bone 
that is anteriorly adjacent to the basilar part of the occiput must be 
interpreted as the sphenoid (one could only debate as to whether this is the 
main or anterior sphenoid; the latter may be true if we assume that the main 
sphenoid is fused with the main occipital bone). Of the many skulls of differ- 
ent toothed cetaceans that we examined directly and that were analyzed in 
published comprehensive anatomic works, only the narwhal (Monodon) demon- 
strates such strong development of the vomer that it seems to cover the 
anterior part of the main sphenoid bone. Such an arrangement of the bones 
can be well seen both on excellent drawings made by P. Beneden and P. Gervais 
(1880, tables X, V) and the photographs submitted in the work of F. Fraser 
and P. Purves (1960, Table 14). 


For the time being, we must abstain from offering a definitive answer 
to the question as to whether the usually mentioned bone adjacent to the 
occipital complex is the vomer or one of the sphenoids, since analysis of 
the relatively small number of skulls of some cetaceans is not enough for a 
definitive conclusion. One would think that comparative embryological data 
will be of prime importance to answer this question. It is interesting to 
note that there are absolutely different approaches that could be used to 
this problem, other than the ones offered above. In particular this is indi- 
cated by ossification of the pterygoid bone in Ziphius with two centers 
(Kernan, 1918). It may be that the cetacean pterygoid (at any rate in toothed 
whales) is a complex bone including parts of the sphenoids. Perhaps this will 
explain in general the strong development of the pterygoid in toothed whales, 
as compared to all other mammals. 


Now that we have made some special comments (which by no means presume 
to be a complete comparative description of different skull elements in ceta- 
ceans, rather merely indicating the necessity of further work in this direction), 
let us turn to a comparison of skull structure, first within families, then 
within the baleen and toothed whale groups, and finally, among all cetaceans 
as a whole. 
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Figure 22. 
Diagram of variants in structure of 
frontal skull of Delphinidae 
Designations are the same as on 
Figure 19 





B. Skuli Structure of True Dolphins (Delphinidae) 





In spite of the significant number of genera included in the family 
of Delphinidae (20), the skull structure is rather homogeneous and can gen- 
erally be satisfactorily summarized by the diagram offered (see Figure 19). 
The asymmetry that is so typical for the dorsal aspect of the skull is 
actually very minimally marked on the ventral side. The main deviations 
from this general structural system are as follows: on top (Figure 22), 
between the nasal and intermaxillary bones, a pair of insertion elements 
is encountered, occasionally of considerable size (noted in Tursiops, 
Pseudorca, Globicephala, Phocoena, Lagenorhynchus, Delphinapterus, Monodon, 
Orcaella); next to the paired nasal bones smaller osseous structures are 
sometimes encountered, which are of irregular shape, usually below the 
nasal bones (Tursiops, Phocoena); in young specimens, there are distinctly 
visible boundaries between the superior occipital bone, parietal, and 
interparietal bones; the frontal bones are visibly enlarged. 


Inferiorly (with preservation of the overall structural plan), there 
are diverse variations in relative development of different bone elements, 
and first of all of the temporal bone, as well as the sphenoid group. As a 
rule, the margins of the choanae are formed by parts of the pterygoid bones, 
but in some genera (Lissodelphis, Neophocaena, Phocoenoides, Phocoena) the 
palatine bones are adjacent to the choanal margin; occasionally the vomer 
is visualized between the margins of the jawbones, occasionally these margins 
are closely joined: in Monodon and Delphinapterus the vomer is also visible 
between the wings of the sphenoid; in Monodon, anteriorly to the palatine 
bones there are pairs of insertion bones between the closed jaws. 
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C. Skull Structure of River Dolphins (Platanistidae) 


The skull structure of Inia, Platanista, and Pontoporia allows us to 
distinguish the following general features: strongly developed maxillary 
crests; strongly developed temporal bone, which forms an arch that remotely 
resembles the same bone in the Mysticeti skull; thickening of the maxillary 
process that connects it to the temporal bone. 


Unfortunately, we did not have any material available with reference 
to the skull of the remaining genus of river dolphins, Lipotes. 


D. Skull Structure of Beaked Whales (Hyperoodontidae) 


At first glance, the skull structure of beaked whales is quite similar 
to the structure of the dolphin skull (see Figure 19). However, a closer 
scrutiny reveals the following distinctions: strong development of maxillary 
crests (in this respect the beaked whales resemble river dolphins); very 
unique (typical only for representatives of this family) location of hyper- 
trophied lacrimal bone, which separates the zygomatic and frontal bones at 
the bottom of the skull; significant development of pterygoid bones; less 
significant development of palatine bones (Ziphius constitutes an exception; 
in it the palatine bones present maximum development as compared to other 
beaked whales); significant development of the vomer, which is viewed not 
only from the bottom but also usually from the top of the skull. 


E. Skull Structure of Sperm Whales (Physeteridae) 


In spite of the small size of this family (only two monotypical genera), 
there are such significant differences in the skull structure of its represen- 
tatives that it is purposeful to consider the skull structure of the sperm 
whale and pygmy sperm whale separately. 


The skull structure of the pygmy sperm whale (Kogia) differs consi- 
derably from that of other toothed whales (going somewhat ahead, let us note 
that this circumstance allows us to support the view of M. Nishiwaki (1963) 
concerning the necessity of distinguishing Kogia breviceps as a monotypic 
family). The general shape of the skull is quite distinctive in represen- 
tatives of this species: it is almost round, with exceptionally short rostrum 
in the formation of which a prominent place is occupied by a strongly devel- 
oped vomer and ethmoid. The "spreading" of the skull in width is also 
related to prominent development of zygomatic bones (see Figure 20, 4), which 
are larger than or of the same size as the frontal bones. We were impressed 
by the strong development of the sphenoid wings with relatively poor develop- 
ment of the temporal bone. 


The structure of the sperm whale skull is also distinctive, and it has 
repeatedly attracted the attention of researchers. The distinctions of skull 
structure of this species can he briefly described as follows: strong develop- 
ment of not only the posterior, but also central, parts of the maxillary bones; 
distinctive curvature of posterior parts of the maxillary bones upward 
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(formation of a "trough"); sharp asymmetry in location and development of 
bones (probably at a maximum not only among toothed whales but also mammals) 
manifested by different degrees of development of the intermaxillary bones, 
in location and development of nasal passages and bones, frontal bones; 
significant development of the vomer forming the "bottom" of the cranial 
“trough.” 


F, Skull Structure of Rorquals (Balaenopteridae) 


The entire construction of the skull of rorquals differs significantly 
from that of dolphins (see Figure 19, 3 and 4) with reference to greater 
development of the entire facial part of the skull and less development of 
the cerebral part. This is due to strong development of the maxillary and 
intermaxillary bones and vomer, which constitutes the structural shaft of 
the rorqual skull (if the vomer is removed, the skull would disintegrate, 
at any rate its facial part; in dolphins, however, the vomer does not carry 
such a considerable load). 


There are also specific features in the structure of the cerebral part 
of the skull of rorquals. First of all, we are impressed by the strong 
development of the temporal bone, which not only occupies the principal place 
in the cerebral cranium, but also protrudes considerably forward. The zygo- 
matic process of the temporal bone occupies at least half its total size, 
which is what results (along with its relatively very large overall dimen- 
sions) to formation of the typical skull shape for all rorquals with a very 
distinct zygomatic arch (Figure 19, 4). 


Thus, the rorqual skull differs sharply from the skull of dolphins 
in that there is a different relationship, relative size, and shape of differ- 
ent bones. In addition to the features already mentioned, we can distinguish 
the following specific features characterizing the rorqual skull: symmetry 
in arrangement of the principal skeletal elements; strong development of 
the supraorbital process of the frontal bone, along with very negligible 
development of the actual body of the frontal bone (as a result, the poster- 
ior parts of the maxilla may adhere to the anterior parts of the superior 
occipital bone); absence of even traces of the interparietal bone; there is 
always rather distinct differentiation of parietal and occipital bones. 


If the skull is viewed from below, we observe a different arrangement 
and shape of the zygomatic bone (it assumes the appearance of a small long 
bar without any processes), as compared to the dolphins; there are different 
correlations in development of palatine and pterygoid bones: in all rorquals 
without exception, the palatine bones predominate with regard to size; they 
form the margins of the choanae (which is not usually inherent to dolphins 
in which the pterygoid bones are considerably larger than the palatine) ; 
matked reduction in relative size of occipital bones, especially the lateral 
parts, which are functionally replaced by the parietal and temporal bones; 
marked reduction in relative size of the set of sphenoid bones (it is covered 
by a strongly developed vomer and occasionally is not viewed on the skull at 
all). On the whole, the skull structure of Balaenopteridae representatives 
is relatively uniform. 
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of cerebral skull of baleen (a) and 
toothed (b) cetaceans (Pilleri, 1962) 


a 
a 
/ Y. Figure 23. 
Comparative shape, size, and arrangement 
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G. Skull Structure of Right Whales (Balaenidae) 


It may be stated that the specific features noted in our description 
of the rorqual skull are even more marked in right whales (see Figure 20, 5). 
This is manifested by more significant differentiation between the enormous 
facial part of the skull and the tiny cerebral part, stronger development of 
zygomatic processes of the temporal bone, smaller occipital bone, displace- 
ment of the bones of the facial part of the skull posteriorly to such an 
extent that when the skull of the Greenland right whale is viewed from 
below the occipital bone is not visible at all. 


In the family of right whales, there is a visible reduction in rela- 
tive size of the superorbital processes of the frontal bone (the actual 
frontal bone develops to a greater extent, forming a typical arch curved 
backward; in toothed whales, the curvature of this "arch" is in the opposite 
direction). 


After this comparison of skull structure in different families of 
cetaceans, let us again consider the systems characterizing the skull struc- 
ture of two large groups thereof: baleen and toothed whales (Figure 20). 


H. Comparison of Mysticeti and Odontoceti Skull Structure 


In spite of the existence of at least five different types of skull 
structure in toothed whales and two types of skull structure in baleen 
whales, we can distinguish some important features inherent to each of the 
two major groups of cetaceans. 


First of all, we are impressed by the difference in correlation between 
the cerebral and facial parts of the skull in these groups (Figure 23). While 
in most toothed whales, the length of the cerebral part of the skull consti- 
tutes at least 30% of the overall skull length, and the width of this part 
constitutes 70-90% of the total width of the skull, in baleen whales the 
length of the cerebral part constitutes 10-20% and the width -- 25-30%. (These 
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are tentative figures based on measuring the cerebral cavity and immediately 
adjacent parts of the skull.) The sperm whale and river dolphins are excep- 
tions; the corresponding figures for them would be about 20-25% and 30-402. 


In all baleen whales, unlike toothed whales, there is strong develop- 
ment of the vomer, temporal and palatine bones; the occipital (especially 
the basilar and lateral parts), frontal, pterygoid, zygomatic bones, and 
the group of bones in the anterior part of the cerebral skull are less devel- 
oped; the margin of the choana is always formed by the palatine bones in 
baleen whales and often by the pterygoid bones in toothed whales. 


The scale of the differences noted in skull structure of baleen and 
toothed whales becomes understandable if we compare the types of skull struc- 
ture in representatives of other phylogenetically remote orders of mammals: 
carnivores (dogs), Lagomorpha (rabbits), and ungulates (pigs). This compari- 
son (see Figure 20) shows that the skull of toothed whales is closer on the 
whole to the skull of other orders of mammals, whereas the skull of baleen 
whales is a more specialized type of structure (with simplified features). 


In addition to the above-mentioned distinctions, there are also some 
structural features that are common to the skulls of baleen and toothed whales. 
These common features are well demonstrable when we compare the diagrams of 
skull structure of cetaceans to those of other mammalian orders: considerable 
development of the maxillary bones; elongation of intermaxillary bones; 
displacement of external osseous nasal orifices posteriorly; the entire skull 
is more massive; there is intensive development of the frontal bones; the 
occipital bone is flattened. 


Interestingly enough, a significant part of these changes could have 
developed convergently and therefore does not serve as weighty evidence of 
phylogenetic unity of the group. Thus, the following could have developed 
convergently: elongation of the rostrum (apparently due to the hydrodynamic 
requirements); shifting of the nasal orifice (necessity of inspiration and 
expiration when rising to the surface); more massive skull (common feature 
of marine mammals: sirenians, seals, which is apparently related to the 
higher density of the environment); flattened occipital bone (related to the 
nature of insertion of the head, which is relatively immobile and consti- 
tutes a whole with the trunk). 


On closer inspection, the similar development of the frontal bone 
(which characterizes, at first glance, both baleen and toothed whales), is 
no longer found to be so similar in representatives of this group. Develop- 
ment of the preorbital processes in baleen whales and widening and thrust of 
the entire bone with relatively very small preorbital process in toothed 
whales are perhaps indicative of different evolutionary tendencies. 


The "telescoped" skull typical for cetaceans, consisting of elonga- 
tion of the principal bones of the facial skeleton develops (as shown by 
embryological data) only in the last months of formation of the fetus (indi- 
rect indication of relatively late appearance of this distinction of cetaceans 
in the course of historic development?) 
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Recently a very interesting and perhaps the most comprehensive work 
was published dealing with the auditory region of the cetacean skull as a 
whole; we refer to the work of F. Fraser and P. Purves (1960), in which analy- 
sis is made of the structure of the pterygoid-petrous region in the skull of 
all contemporary genera of cetaceans. This survey shows convincingly the 
presence of several specific distinctions between all baleen whales on the 
one hand and all toothed whales on the other. These distinctions refer 
both to shape and even location of the pterygoid bone, eustachian tube, 
cavities related to the organ of hearing, as well as nature of functioning 
of the ear in baleen and toothed whales (see Chapter 10). 


A comparison of the distinctions referable to the skull of baleen 
and toothed whales allows us to note that while a structure of the pterygoid 
bone in the form of a single flat plate is typical for terrestrial mammals 
as a whole (with the exception of anteaters), and that this generally applies 
to all genera of baleen whales, with reference to toothed whales (all genera 
without exception) appearance of a complex form of this bone is typical: it 
forms a system of air-bearing cavities (see Chapter 6). 


The general conclusion that can be derived from consideration of 
skull structure in different families of cetaceans is that there is great 
homogeneity in skull structure in the Balaenopteridae and Balaenidae families, 
great resemblance in skull structures of representatives of Delphinidae and 
Monodontidae, and extremely different structure in the Physeteridae family. 
The latter circumstance serves as corroboration of the views of M. Nishiwaki 
(1959, 1963), who distinguishes the genus Kogia as a separate family. 


Il. Musculature of the Base of the Skull and Anterior Trunk 


The cetacean skull is usually characterized by development of strong 
crests that serve for attachment of the powerful musculature. These crests 
develop along the boundaries between the occipital and parietal, occipital 
and frontal bones, and they serve for attachment, in the first place, of 
the set of muscles that connect the head to the trunk, and in the second 
place, the strong facial musculature and musculature of air-bearing supra- 
cranial cavities. The muscles that connect the skull to the trunk are 
exceptionally well developed in whales (Figures 24 and 25). 


It must be noted that in essence extensive study of cetacean myology 
is only beginning: there are numerous but rather varied descriptions, which 
is why it is impossible to make exact comparisons between the findings of 
different investigators. At the same time, there is no question of the 
desirability of detailed investigation of cetacean musculature. We know 
that the muscular system is rather conservative in phylogenesis (not with 
regard to relative development of specific muscles or portions thereof, 
but according to the presence or absence of different muscles), and a compara- 
tive study thereof could yield data that would shed light on the phylogenetic 
relations between different cetacean species. 


In this regard, an interesting analysis of the structure of m. masseter 
was pursued by T. Yoshikawa and T. Suzuki (1963) on the humpback. This 
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Figure 24. 


Musculature of cervical region of Del- 
phinapterus leucas, dorsal view 
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splenius 
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intertransversarii cervicis 
(Kleynenberg et al., 1964) 
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Figure 25. Musculature of the trunk of Delphinapterus leucas, lateral 
evens: view (Kleynenberg et al., 1964) 
smc) m. semispinalis capitis sp) m. splenius 
rmv) m. rhomboideus vertebralis lgd) m. longissimus dorsii 
it) m. intertransversarius rvp) m. rhomboideus vertebralis posterior 
1t) m. latissimus t) m. teres 
dt) m. deltoideus rmc) m. rhomboideus capitis 
lgca) m. longissimus capitis mah) m. masto—humeralis 
stm) m. sternomastoideus sth) m. sternohyoideus 
pec) m. pectoralis ic) m.m. intercostales 
ra) m. rectus abdominis lgce) m. longus cervicus 
red) m. rectus capitis dorsalis 
analysis revealed that there were profound differences in development of 


different parts of this muscle in baleen whales as compared to other mammals. 
This conclusion is corroborated by comparing the development of the cervical 
and head muscles of baleen and toothed whales (Figure 26). 
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Figure 26. Diagram of attachment of skull and beginning of chest 
cage in toothed (top) and baleen (bottom) cetaceans 
(Slijper, 1936) 


The functional aspect of such research is also important. For a long 
time, anatomists who discovered the great complexity and differentiation of 
the dolphin musculature of the trunk and head assumed that it is possible 
for the heads of these animals to perform different movements. But it is 
only relatively recently (referable to observations of animals in captivity) 
that it was possible to confirm this thesis completely. One would think 
that the thesis concerning whales and dolphins now formed and quite popular 
as distinctive "torpedoes" with fixed, immobile anterior body should be 
revised. 


III. The Hyoid System 


The hyoid bone (os hyoideum) is well developed in all cetaceans. It 
is located under the larynx, ventral to the base of the skull. In baleen 
whales (see the latest summary of data in Omura, 1964), the hyoid bone 
consists of a massive central portion (complete fusion of the body and 
greater cornua [thyrohyals], Figure 27), and two other cornua, which usu- 
ally consist of a single osseous segment and cartilaginous processes 
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Figure 27. Shape of hyoid bone in baleen and toothed whales 


Legend: (according to the data of different authors) 
1) Balaena 7) Lagenorhynchus 
2) Eubalaena 8) Feresa 
3) Balaenoptera borealis 9) Mesoplodon 
4) B. physalus 10) Grampus 
5) Neophocoena 11) Berardius 


6) Globicephala 


(stylohyoid elements). According to the data of Omura (1958), we know that 
the hyoid and thyrohyoid bones are fused in Balaena only when the animal 
reaches physical maturity. The shape of the hyoid bone is rather similar 

in all Balaenoptera and differs somewhat in Balaenidae. However, if a large 
enough series is available, one can distinguish between all baleen whale 
species according to structure and main measurements of the hyoid bones. 

The general shape of these bones and range of individual variability are 


illustrated on Figure 27. 


The hyoid bone of toothed whales differs visibly in shape from that 
of baleen whales (see Figure 26). In most toothed whale species, the thyro- 
hyoid elements are not completely fused with the body of the bone (and if 
they are fused, a visible boundary remains between them). The stylohyoid 
elements directed toward the petrous bone are found to be very flexibly con- 
nected to the body of the hyoid bone in all the examined specimens of Odonto- 
ceti, by means of a well-developed cartilaginous joint, which probably never 
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Figure 28. General anatomy of superficial muscles of the head of 
Phocoena phocoena (Breschet, 1836) 


Legend: 
t) os. tympanicus met) m. cricothyroideus 
h) os hyoideum mth) m. thyrohyoideus 
ct) cartilago thyroidea mgh) m. geniohyoideus 
mc) m. compressor rm) retia mirabile 
tr) trachea m) mandibula 


underwent ossification (in the nature of a mobile synchondrosis). In baleen 
whales this joint is in the nature of syndesmosis -- immobile connective 
tissue fusion. 


It should be noted that in the presence of the cartilaginous union 
of hyoid bone elements, even in toothed whale embryos, it is not possible 
to distinguish with certainty the different segments; it is all the more 
difficuit to homologize them with the well-developed segments of the hyoid 
arch of other mammals, as is occasionally done (see, for example, the survey 
by J.P. Gask, 1967). At the same time, it is certain that the structure of 
the hyoid system of cetaceans merits more comprehensive investigation. The 
functions of the hyoid bone are related to establishing connection between 
the sternum on the one hand and the entire set of organs in the inferior part 
of the head and adjacent parts (tongue, larynx, pharynx), on the other hand 
(Figure 28). For this reason, there is a significant number of muscles 
attached to it: m. hyoglosseus, m. hyothyroideus, and m. sternohyoideus. 


a ce 


In addition to the above-mentioned distinctions in structure of the 
hyoid system of baleen and toothed cetaceans, we are impressed by the signi- 
ficant individual variability inherent to these structures in all cetacean 
species that have been investigated rather comprehensively. In both baleen 
and toothed whales, the size and shape of the main parts of the hyoid 
system vary. The range of differences in shape is particularly wide in large 
baleens: blue whale, fin whale, and sei whale, in which the main part of the 
bone may be cross~shaped or wing-shaped, while the stylohyoid elements may 
be present in rather distinct form or totally absent. 


In spite of such great intraspecies individual variability of these 
structures, it is possible to use them to characterize not only different 
species but also subspecies (Omura, 1964). It may be assumed that accumula- 
tion of such precise and comparable morphological population data will soon 
serve as a good foundation for taxonomic revision on the level of different 
genera and families. 


Ivy. The Spinal Column 


Unfortunately, as is the case with reference to many other parts of 
the cetacean skeleton, there is not very much information about the struc- 
ture of the spinal column. This is attributable to the difficulty of gather- 
ing morphological material under whaling conditions, as well as the large 
size of the vertebrae, which makes it difficult to store them. In those 
cases when entire whale skeletons are prepared by whalers, it often happens 
that the small very last caudal vertebrae and chevron (os intercalare) bones 
are lost. 


A. Total Number of Vertebrae 


We know that in cetaceans, baleen and toothed whales, the spinal 
column does not contain a sacral region (functionally this can be well 
explained by the total absence of a pelvic girdle for the extremities). The 
boundaries between the cervical, thoracic, and lumbar regions of the spine 
are established according to the presence of ribs, while the boundary between 
the lumbar and caudal segments is determined by the presence of chevron bones, 
which are small arch-shaped structures, on the ventral surface of the spine 
(at the site of connection of vertebrae). They are always functionally 
related to development of a powerful caudal peduncle (not only in cetaceans, 
but also, for example, in crocodiles). To date there are no works that 
shed light on the origin of these bone structures in cetaceans, and appar- 
ently some interesting findings will be made by researchers. 


According to the data submitted in Table 8, all Delphinidae have a 
larger number of vertebrae than the representatives of Physeteridae and Hypero- 
odontidae, as well as (on the average) baleen whales. The fewest vertebrae 
are definitely present in Platanistidae (less than 41-42); they are followed 
by the Hyperoodontidae (43-53), Balaenidae (42-57), and Physeteridae (40-62). 


It is interesting to compare different genera and families of Cetacea 
according to the relative number of vertebrae in different parts of the spinal 


- 56 - 


Table 8. Composition of the vertebral column of cetaceans 





Genus , Spec.| Ta [i | ca Total | Author 
Odontoceti 
Pontoporia 40 5—7 48—19 | 41—42 | Burmieister, 1867; Carvalho, 1961 
Tria 7—13 3—8 = ? Beddard, 1900 
Platanista 140—13 3—9 18 | 44—42 | Beneden, 1880; Bourdelle et al., 1935 
Steno 42-—13 15-16 | 30-32 65-—66 | True, 1889; Beddard, 1900; Neuville, 1923 
Sutalia 41-12 | 10—14 22 5{—55 | True, 1889; Beddard, 1900; Carvalho, 1963 
: . ‘ y Beddard, 19C0; Fraser, 1950; Cadenat, Doutre, 
mueneid 18-16 | 18-24 | 29-38 | 68-81 1959; aNishiwaiki at al 1905 nen ar anys 
Delphinus 44-16 | 24-23 | 30-34 | 73—76 | Beddard, 1900 
Tursiops 12—14 | 46-19 | 26-29 | 61-66 | Tote Same 
(81)* 
Lissodel phis 14—17 29-33 35—40 86--97 une 1889; Beddard, 1900; Tobayamaet ai, 


Lagenorhynchus | 13-16 | 17—24 | 33—45 | 73—92 | Beddard, 1900; Nishiwaki, 1963 
Cephatorhynchus| 13—414 45 27—30 | 63-65 | Beddard, 1900 














Orcaella 138—14 143—14 | 26—28 61--63 | Tot me Same 
Pseudorca 9—11 913 | 16-24 | 47—5{ | Paulus, 1963 
Orcinus 41-12 10 21—24 | 50—52 | Beddard, 1900 
Grampus | 2-43 | 47-49 | 30—31 67—70 | Beddard, 1900; Stroud, 1968 
Globicephala 41—12 | 41-44 | 25-29 | 57—60 | Beddard, 1900; Paulus, 1960 
Feresa 42—13 45-17 32—34 67--7Q | Nishiwaki et al., 1963 +4 
Phocoena 42—A4 144—417 | 27—33 | 6268 | Beddard, 190¢ 
Phocoenoides 14~—18 9997 44—49 92--98 | Beddard, 1900; Andrews, 1911; Nishiwaki, 1966 
Neophocoena 4244 1243 25—34 58—63 | Beddard, 1600; Howell, 1927 
Po nanacenhala [44 Az hh R2 Nakajima, Nishiwaki, 1965 
Delphinapterus | 11-12 | 6-12 | 24-26 | 49~54 |Kleynenberg et al., 1964 
Monodon 41—12 6—10 26—27 50—55 | Beddard, 1°00 
Kogia 12-14 9--14 | 20—27 40—62 | Beddard, 1900; Carvalho, 1956 
Physeter 44 8—9 20—25 47—52 | Beddard, 1$00; Omura ct al., 1962: Berzin, 1970 
Berardius 40—11 | 12-413 | 17—19 | 47-49 | Beddara, 1900; Tomilin, 1962; our 

qaHHne gata 
Mesoplodon 9—41 8—12 17—24 45-50) | Raven, 1942; Nishiwaki, Kamiya, 1959 
Ziphiu: = ~ an 53 | Beddard, 1900; Paulus, 1992; Tomilin, 1962; 

ores 8-10 a2 Ho 2e 43—53 | eoGerneriine dannue oyr data 
Hypervodon 9 | 9-10 | 18—19 | 43-45 | Beddard, 1900; Slijper, 1952 
Mysticeti 
Eschrichtius 14 44 4 56 Beddard, 1900 
B. s — 4am 26 — —6 Knox, 1838; Beddard, 1900; Slijper, 1962; 
musculus 14—16 14—16 | 26—29 61—66 rouictahw. 1966, oe ape ijper 

B, physalus 14—416 | 43-46 | 20-27 | 56-66 | Ohe. 1950; Pavletic, 1992; Our data 
B. borealis 13-14 | 13-16 | 19—23 | 5160 | Beddard, 1900; Yamada, 1954; Omura, 1959; 

coOcTrBeHHbe DaHHbe our data 
B. edeni 10—13 | 12—14 24 52-55 | Anderson, 1878; Lonnberg, 1931; Omura, 1959 
B. acutorostrata 11 42-13 16—20 47—48 Knox, 1838; Beddard, 1900; Oniura, 1957 
Cuperea 17—18 2 46 42—43 | Beddard, 1°00 
Lubalaena 13—15 9—13 | 23~—26 | 5557 | Allen, 1£08; Omura, 1958: Omura et al., 1°69 
Balaena 42-14 | 42-13 | 22-23 | 54-57 | Beddard, 1900 

(48)* 


*Data of F. Knox (1838) 
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column. The sharp reduction in number of vertebrae in Platanistidae is 
referable mostly to the caudal and lumbar regions, as compared to the thor- 
acic (in all cases, the cervical region is the same); in Hyperoodontidae, 
there is uniform decrease in number of vertebrae in all segments; in Physe- 
teridae, the thoracic and lumbar regions are relatively shorter. Balaenop- 
teridae and Hyperoodontidae are the most homogeneous groups with respect to 
number of vertebrae. 


The least total number of vertebrae is encountered in Pontoporia (42), 
Platanista (41), and Caperea (43). The largest number of vertebrae was 
encountered in Phocoenoides (98), Lissodelphis (97), and Lagenorhynchus (92). 
The last genus is also referable to the group with the least variable number 
of vertebrae. In addition, this group also includes the genus Stenella and 
the family of Hyperoodontidae, the total number of vertebrae in different 
species of which also varies widely. 


In contemporary whales (as compared to related fossils), there is a 
visibly larger number of vertebrae (Slijper, 1962). The greater number of 
vertebrae is usually functionally related to increased mobility of the spine 
(due to greater development of intervertebral joints and soft cartilage 
between the bodies of the vertebrae). It is interesting to add to this 
that some of the cetaceans that do not move with particular speed (for 
example, Delphinapterus, Physeter, Hyperodon) usually demonstrate fewer 
vertebrae, especially in the caudal region (Kleynenberg et al., 1964). If 
this conclusion is found to be true for other species, the representatives 
of the genera Delphinus, Lagenorhynchus, Stenella, Phocoencides can be con- 
sidered the fastest moving. Future observations in their natural habitat 
will show the extent to which this assumption is valid. 


B. Cervical Region 


There are seven vertebrae in all in the cervical region of cetaceans, 
as in that of the vast majority of other mammals. However, the shape and 
arrangement of the vertebrae in this region of the cetacean spine differ 
significantly from all other mammals. The cervical vertebrae of all 
cetaceans are extremely flat, occasionally consisting merely of thin, osseous 
plates that have lost the main characteristics of a vertebra. The cervical 
vertebrae of whales may be fused in their processes, bodies, and occasionally 
merge completely with one another. 


The massive atlas has two articular surfaces on its anterior aspect 
for the connection to the cranial condyles. 


The odontoid process of the axis, or epistropheus, is well developed 
(Cave, 1967), forming functional articular surfaces with the first vertebrun, 
and it definitely is involved in mobility of the head. This process is the 
most developed in Inia, which is consistent with the well-separated cervical 
vertebrae and overall mobility of the head recently corroborated by direct 
observations (Layne, 1965). 
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Figure 29. Form of spinal column in different Cetacea (lateral view) 
Legend: (according to the data of different authors, chiefly Beneden, 
Gervais, 1880; Howell, 1930) 


Legend: 
1) Balaena 6) Grampus 
2) Balaenoptera 7) Orcinus 
3) Megaptera 8) Delphinus 
4) Physeter - 9) Zeuglodon 
5) Kogia 10) Basilosaurus 
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The third to sixth cervical vertebrae are usually similar to one 
another and differ only in that the size gradually increases. Starting with 
the 3rd-4th vertebra, some species show a significant increase in size of 
the nerve canal lumen. On that same level, there is also a significant 
increase in size of transverse processes and, to a lesser extent, in thick- 
ness of the vertebral body. The spinous processes are not developed in all 
the vertebrae, and in some cases the nerve canal is not connected super- 
iorly at all. 


The last (seventh) cervical vertebra is usually quite different in 
toothed whales from the other vertebrae in that there is good development of 
transverse processes, larger overall size, and mainly the presence of true 
costal facets on the lateral surface of the body, which serve to articulate 
with the head of the first rib. 


The structure of the cervical spine of cetaceans is usually considered 
a taxonomic sign. Thus, merely by the number of fused vertebrae, even some 
new dolphin species were distinguished (Cope, 1865). There are data indicat- 
ing that one often encounters within each species a different variance of 
vertebral fusion. In the vast majority of species, the atlas may be fused 
with other vertebrae. There is a smaller group of cetacean species in which 
the first cervical vertebra is always free. The last group includes Delphin- 
apterus, Platanistidae, Balaenopteridae, and Eschrichtius. Thus, it can now 
be stated with certainty that a given combination of fused cervical vertebrae 
could hardly be important taxonomically (with the exception of the cases of 
fusion of the first vertebra with others). Probably, the latter is related 
to some important functional factors: it is expressly the existence of mobile 
first articulations between the vertebrae and the massive head that provides 
for some mobility of the head in relation to the trunk. In all whales, 
mobility of the head in relation to the trunk is usually minimal, but in the 
species with free first cervical vertebrae, it should be visibly greater. 


C. Thoracic Region 


The common feature that is typical of the thoracic spine of all ceta- 
ceans is relatively poor development of the articular surfaces on the ver- 
tebral bodies. Usually, toothed whales have no more than four or five of 
the first thoracic vertebrae that are interconnected, with formation of 
articulations, and the maximum number of articular unions demonstrated in 
Delphinus is 10. It is interesting to note that all species of baleen whales 
and the largest toothed whales (sperm whale and beaked whale) usually demon- 
strate articular vertebral joints only in the first to fourth thoracic verte- 
brae. 


The composition of the thoracic region of the spine fluctuates over a 
relatively small range. The maximum number of thoracic vertebrae is encoun- 
tered in Phoccenoides and Caperea (18), and the minimal in Pseudorca and 
Ziphius (19); the data referable to Inia (7) are questionable and require 
verification. The widest variations in this region of the spine are observed 
in Stenelia (13-16), Lagenorhynchus (13-16), Phocoenoides (14-18), and Inia 
(7-13). 
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A comparison of the typical features for different groups of cetaceans 
indicates that there are specific distinctions in the slant of the spinous 
processes in the thoracic region. In most cetaceans these processes are 
tilted somewhat backwards. On the other hand, there are quite a few genera 
in which all or many of the spinous processes of the thoracic vertebrae are 
directed vertically upward. They include all the genera of the Platanis- 
tidae, Monodontidae, Physeteridae families, and a few genera of baleen whales 
(Figure 29). Perhaps this arrangement of the processes is related either to 
the relatively slow movement of these species or to the relatively high 
mobility of the thoracic spine and head. 


Another interesting distinction of the thoracic vertebrae is demon- 
strable when we compare baleen and toothed whales. In all the Mysticeti, 
the relative size of the vertebral body is considerably larger than that of 
Odontoceti. Usually, in toothed whales, the vertebral body takes up more 
than 50% of the height of the entire vertebrum. A maximum height of spinous 
processes in the thoracic region is typical for all genera of Hyperoodontidae, 
and they too are characterized (especially Mesoplodon) by maximum width of 
these processes. 


Different cetacean species demonstrate differences in total number of 
ribs. It can be generally stated that in Delphinidae the number of ribs 
ranges from 10 to 17 pairs, it ranges from 10 to 13 in Platanistidae, 11 to 
14 in Physeteridae, 14 to 15 in Balaenopteridae, 13 to 18 in Balaenidae, 
and 9 to 10 pairs in Hyperoodontidae. 


Thus, we observe a rather distinct increase in number of ribs in all 
baleen whales. This difference between baleen and toothed whales is even 
more distinct if we analyze the incidence of true and false ribs. 


The true ribs are not ossified in the sperm and beaked whales, and 
they remain cartilaginous; they are very short and there are only three to 
five pairs. 


In baleen whales, the true ribs are missing, and only the first pair 
of ribs is attached by a ligament to the extremely small sternum. In the 
most ancient Archaeoceti, the 13 pairs of ribs were double-headed, and in 
younger forms there were only seven such pairs of ribs. In the most ancient 
fossils of baleen whales, eight pairs of ribs were double-headed, and this 
applied to no more than three pairs in contemporary specimens (Slijper, 1962). 
In contemporary toothed whales, there are four to eight pairs of double-headed 
ribs. 


D. Lumbar Region 


We have already mentioned above the arbitrariness of distinguishing 
this region in cetaceans. The first vertebra without a rib is generally 
considered the first lumbar vertebra, and the last is the last one that is 
not connected to the chevron bones (see below). 
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Figure 30. Spinal column of some cetaceans (dorsal view) 
Legend: (Beneden, Gervais, 1880) 


1) Inia 2) Physeter 3) Tursiops 4) Delphinus 


Among the cetaceans, we observe outstanding variations in number of 
vertebrae in this region. The maximum number of lumbar vertebrae is encoun- 
tered in the right whale dolphin (Lissodelphis borealis) and Phocoenoides 
dalli (29-30 and 27, respectively), and the fewest are referable to Caperea 
(2!), and in genera of the Platanistidae (3-5) and Monodontidae (6) families. 
The number of vertebrae in this region is the most variable in the genera 
Lagenorhynchus (17-24), Phocoenoides (22-27), Kogia (9-14), and Ziphius 
(9-14). 


In this region we encounter the largest vertebral bodies and most 
developed transverse and spinous processes (Figure 30). In the lumbar ver- 
tebrae, the height and width of the nerve canal diminish sharply in the 
direction of the tail. In many cetaceans, the inclination of the spinous 
processes in this region is the same, toward the back, the tail (in all 
Hyperoodontidae, Balaenopteridae, Balaenidae, and some dolphins). In other 
dolphins, the spinous processes of this region are inclined in different 
directions: vertically upward (for example, in Orcinus, Grampus, Kogia) or 
forward (Delphinus, Phocoena). The angle in which the transverse processes 
are directed also varies: in most species, these processes are directed either 
perpendicularly to the axis of the spine or somewhat anteriorly; only in 
Platanistidae are these processes directed backwards. 


Differently developed anterior articular processes of the lumbar spine 
are observed in different cetaceans; in the vast majority of species, these 
processes are considerably developed, and because of them the adjacent verte- 
brae are restricted in mobility when the column moves to the right or left. 

In other forms (such as Delphinus, Grampus, Phocoena), the articular processes 
are poorly developed (especially in the middle of the lumbar region). Probably 
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this could be related to the possibility of curving the body more sharply 
in the horizontal plane. 


Finally, as can be well seen on Figure 29, in some species the spinous 
processes of this region form a sort of "hump," which is particularly typical 
for Grampus griseus and Phocoena phocoena. Such skeletal development is indi- 
cative of strong development of musculature of the trunk, particularly its 
superior spinal part (which should affect the possibility of stronger and 
greater function of the tail fin when the body is markedly flexed). 


There is a great difference between cetaceans with respect to the form 
of the last lumbar and anterior caudal vertebrae. In some species, for example, 
the sperm and beaked whales, the transverse processes of these vertebrae are 
short, the spinous processes are long, the spinous processes and metapophyses 
are in a low position. In Delphinus and Phocoena, the transverse processes 
are long and the metapophyses are placed high. In representatives of these 
genera, the spinous processes in this region are directed backward, whereas 
in representatives of the former group, they are directed forward. 


In large baleen whales, the spinous processes are directed forward, 
and transverse processes are long. Analysis of the muscle action in different 
groups of cetaceans leads us to conclude that muscular work is more efficient 
in dolphins than large cetaceans (Slijper, 1946). 


E. Caudal Region 


One is usually governed by two signs to distinguish the caudal region 
of cetaceans: appearance of hemal arch on the inferior side of the vertebral 
column (so-called chevron bones) and appearance of a special orifice or notch 
for the intervertebral artery in the transverse process. The former sign is 
usually considered the decisive one. 


As can be seen on Table 9, in the last, caudal region of the spinal 
column of cetaceans a maximum number of vertebrae is noted in Lagenorhynchus 
(45) and Phocoenoides (49); the fewest vertebrae are found in Pseudorca, 
Ziphius, and Caperea (15-17). The greatest variability in number of vertebrae 
in this region is noted in Stenella (29-38), Lagenorhynchus (33-45), Pseudorca 
(16-24), and Ziphius (15-22). 


There is a sharp decrease in length of the vertebral body in the 
caudal region: usually the spinous processes also disappear at the 10th-12th 
vertebra; the cavity of the neural canal disappears even sooner than this. 
The transverse processes disappear at approximately the same level. 


Usually the 3rd-4th pairs of hemal arches reach the largest dimen- 
sions, the first arches most often consist of two separate plates. The size 
of the chevron bones gradually diminishes toward the tail. The total number 
of pairs of chevron bones fluctuates somewhat in different species (see Table 9). 
Perhaps it will be possible in the future to relate the number and shape of 
the chevron bones of different species to the distinctions of their movements. 
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Table 9. Structural distinctions of the caudal segment of the cetacean spine. 














Genus, e Quantity of 
species chevrad sree] Verteb 
verted swith toa 
Pon, Bam bones |connedl.”transy so Author 
withou 


processes 








coexg | (neural canal) . 
Odontoceti 
Pontoporia 40—42 | 7 7=8 Beneden, Gervais, 1880; Carvalho, 1961 
Tnia 44 = a Beddard, 1900 
Platanista 47 8 Bee Beneden, Gervais, 1880 
Sotalia 14—46 g—12 as -Beneden, Gervais, 1880; Carvalho, 1963 
Stenella 23—97 42--13 29-94 Fraser 1950; Nishiwaki, 1963, 1966 
Del phinus 24 40 = Beneden, Gervais, 1880 
Lissodel phis 25-30 a dos Tobayama et al., 1969 
Lagenorhynchus 30 pore wee Nakajima, Nishiwaki, 1955 
Pseudorca 41—16 = com Paulus, 1963 
Oreinus 42 40 ae Beneden, Gervais, 1880 
Gram pus 48—24 vg = Beneden, Gervais, 1880; Stroud, 1965 
Globicephala mela- 
ena 47 7? sale Paulus, 1960 
Feresa 93--27 4 _ Nishiwaki et al., 1965 
Phocoena 7 13 =. Beneden, Gervais, 1880 
Phaeoennides a—35 | _ Andrews, 1911; Nishiwaki, 1986 
Peponoceprala 30 | = a Nakajime, Nishiwaki. 1965 
Del phina pterus 44 At — Beneden, Gervais, 1880 
Monodon 44 43 i Te we Same 
Kogia 44—48 = = Yamada, 1951a; Carvalho, 1966 
Physeter 44-13 9 44 Reddard, 1900; Omura et al., 1962 
Berardius 940 = = Beddard, 1900; Flower, 1885; Our data 
Mesoplodon (6)9—44 9414 942 Raven, 1937; Nishiwaki, Kamiya, 1959 
Ziphius 8—11 aa i = Paulus, 1962; co6OcrnenHne qaHHbte Our data 
Mysticeti 
B. physalus | 16 t 7 ar Pavletic, 1962 
B, musculus | 44 _ a! Tor xe = =Same 
B. acutorostrata 8—10 ot — True, 1904; Gowan, 1939; Omura, 1957 
B, edeni 44—12 = = Lonnberz, 1931; Omura, 1959 
B. borealis 45 = = Andrews, 1916 
Eubataena 9—12—15— eae 9 Omura, 1958; Omura et al., 1969 
7—18 
Balaena 46 40 —- Te xe Same 


In particular, G.B. Agarkov and V.L. Lukhanin (1970) voiced the assumption 
that the functional significance of the development of the hemal bones con- 
sists of maximum distance from the site of attachment of hypaxial muscle ten- 
dons. Since the chevron bones are in essence the supporting skeleton of a 


= Gh< 





Figure 31. Shape of sternum of some cetaceans and sirenians 


Legend 
1-8) Delphinidae 15) Platanista 
9) Physeter 16) Inia 
10) Balaenoptera musculus 17) Balaena 
11-12) Sirenia 18) Eschrichtius 
13) Mesoplodon 19) Balaenoptera acutorostrata 


14) Berardius 


well-developed caudal keel, one would expect them to be the most developed 

in cetaceans with the widest peduncles, on the one hand, and with the longest 
tails, on the other. A wide caudal peduncle should provide for sharp and 
rapid horizontal turns; a long caudal peduncle provides for effective func- 
tion of the tail as the principal propellant of cetaceans. Two variants of 
evolutionary development of hemal arches are distinguished: a small quantity 
thereof with relatively large dimensions (typical for the sperm whale and 
several beaked whales), a significant number with relatively small dimensions 
(typical for Phocoena and Sotalia). In several species, the hemal arches 
develop both in large number and in large size (Delphinus). Evidently, 
expressly these species are relatively rapid-moving and comparatively maneuver- 
able. 


V. Thorax 


The sternum of toothed whales is quite distinct from that of baleen 
whales (Figure 31). In all toothed cetaceans, as we have noted above, several 
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Figure 32. Variability of sternum of adult Delphinapterus leucas 
(Kleynenberg et al., 1964) 


ribs are attached to the sternum (usually 5-7 pairs). The fewest ribs con- 
nected to the sternum are referable to the Physeteridae and Platanistidae 
(2-3 pairs); the sternum is the shortest in these forms of toothed cetaceans. 
In the other cetaceans, the sternum consists of a long, flat bone widened in 
the front, with recesses at the site of attachment of the ribs. 


The sternum of all toothed whales is usually segmented, and the degree 
to which the sternum is divided into parts may vary within the same species 
(Figure 32). 


There is only one pair of ribs attached to the sternum of all baleen 
whales, and the sternum is shorter and broader than in toothed whales (remotely 
resembling a cross in Balaenopteridae and a triangle in Balaenidae). In 
baleen whales, considerable individual variability of the shape of the sternum 
is observed. 


It is interesting to note some of the distinctions in shape of the 
sternum of some toothed cetaceans. Thus, in Inia geoffrensis, the shape of 
the sternum is quite different from that of other studied species of toothed 
cetaceans in that there is development of a strong double crest or "keel" 
going from the apex and forming a deep recess in the middle of the bone 
(Figure 33); in Mesoplodon, Hyperoodon, Kogia, Inia, and Delphinus, a deep 
recess is formed on the sternum on the dorsal side. This recess is formed 
by two crests going from the anterior margin of the bone. In this regard, 
it is felt important to stress the fact that we observed a curvature to the 
sternum in the opposite direction in baleen whales: a prominence of the keel 
type is formed in some species of Balaenopteridae on the ventral side of the 
sternum. 
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Figure 33. Shape of sternum of Inia geoffrensis (Beneden, Gervais, 1880) 


A scrutiny of the structure of the sternum and distribution of ribs 
enables us to discuss the question of general characteristics of the rib cage 
of cetaceans. 


In representatives of toothed and baleen whales, the structure of the 
rib cage is not the same. In all toothed whales, the ribs attached to the 
sternum retain the structure that is typical for terrestrial mammals, i.e., 
the ribs have a long osseous body and mobile sternal segment linking the 
vertebral part of the rib and the sternum. In baleen whales, the sternal 
mobile element is completely eliminated, and the vertebral part of the only 
sternal pair of ribs is attached directly to the sternum. 


On the other hand, in toothed cetaceans, the structure and develop- 
ment of the sternal segment of the ribs is also variable. There are species 
of toothed whales in which this cartilaginous (in most terrestrial mammals) 
segment becomes an independent bone; this applies to all dolphin species 
(Figure 34). The other group includes species in which the sternal segments 
of the ribs remain cartilaginous (this group includes all Hyperoodontidae 
and Platanista gangetica). 


Thus, the structure of the thorax is basically and markedly different 
in baleen and toothed whales. This difference is augmented by the absolutely 
unique structure of the first pairs of ribs, which do not have a second head 
in baleen whales (only the gray whale is an exception). We are not quite 
clear as yet as to the functional aspects of the structure of single-headed 
ribs in baleen whales. Such attachment is occasionally found to be quite 
complex (Figure 35). 


It is quite apparent that the thorax of toothed cetaceans is more 
mobile than that of baleen whales. It is just as apparent that, in spite of 
an external similarity in tendencies of development of the thorax of large 
toothed whales and baleen whales (fewer ribs, shorter sternum), there is no 
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Figure 34. Structure of rib cage, hyoid system, and pelvic bones of 
Stenella dubia (Nishiwaki, Nakajima, Kamiya, 1965) 


deep internal resemblance: in toothed whales, the reduction in number of ribs 
leads to an increase rather than decrease in mobility of the thorax. Indeed, 
in all forms with a visibly diminished number of true ribs, the sternal seg- 
ment is found to be soft and cartilaginous. The same basic direction 
(increased mobility of the thorax) is also reflected by the formation of 
articular unions between the sternal segments of the ribs in other toothed 
whales. In baleen whales, however, the thorax is relatively immobile. These 
groups of whales are also distinct with regard to shape of the thorax 

(Figure 36). 


There are several muscles attached to the sternum of toothed whales: 
sternohyoid, sternomastoid, and sternothyroid, which connect the sternum to 
the hyoid bone, skull, and larynx, then there are two pectoral muscles (minor 
and major) that connect the sternum to the scapula and the entire pectoral 
limb. The musculature of the sternum of baleen is illustrated on Figure 35. 


VI. Musculature of the Spinal Column and Thorax 


The strongest muscle of cetaceans is the longissimus dorsi; it begins 
in the first cervical vertebrae in some dolphins (most often the third) and 
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Figure 35. 

Shape of sternum and first pair of ribs 
in the prenatal fetus of Balaenoptera 
borealis with regions of attachment of 
different muscles (Schulte, 1916) 

1) sternum 

2) cervical rib 

3) first thoracic rib 

4) m. sternohyoideus 

5) m. sternomastoideus 

6) m. sternomandibularis 

7) m. pectoralis 

8) m. rectus 

9) m. obliquus externus 

10) m. scalenus 





extends to the caudal spine, where it changes into a tendon attached to the 
caudal vertebrae laterally. The external and internal intercostal muscles 
provide for considerable mobility of the entire thorax. On the top, the 
thorax is covered on the abdominal side by the external oblique muscle, 
laterally on the thorax (5th-l10th rib) is the small latissimus dorsi. In 
beluga, the dorsal intertransversal muscles are also well developed. The 
iliocostal dorsal muscles in the posterior part of the spinal column can be 
so called merely by analogy to other mammals, since in whales they have abso- 
lutely no connection to pelvic bones. 


In toothed whales, the subvertebral groups of muscles usually include 
some strong caudal intertransversal muscles (mm. intertransversarii caudae), 
the subvertebral caudal muscle (M. coccygeus -~- several segments), and the 
ischiocaudal muscle. 


All the muscles of the vertebral column near the tail turn into tendons 
that are attached to the caudal vertebrae. These muscles provide for mobility 
of the tail, which is the principal locomotor organ involved in upward and 
downward movements. Contraction of different muscles causes the tail to 
move to the sides, as well as changes in angle and shape of the flukes. 


VII. Pectoral Limb 


The structure of the anterior extremities of cetaceans differs markedly 
from that of terrestrial mammals. First of all, the very shape of the extrem- 
ity is altered: it is altered from a column-like articular support into a 
flat flipper (Figure 37). At the same time, in this outwardly utterly altered 
organ, there is complete preservation of all skeletal elements that are 
typical for the extremities of mammals: scapula, humerus, ulna, and radius, 
all elements of the carpus and manus. 


A. Scapula 


The scapula is the principal connection between the extremity and the 
trunk. The shape of the scapula is visibly simpler in all cetaceans than 





Figure 36. Diagram of rib cage structure in representatives of the 
main cetacean groups (Slijper, 1936) 


Legend 
1) Phocoena phocoena 8) Platanista gangetica 
2) Orcaella brevirostris 9) Hyperoodon ampullatus 
3) Globicephala melaena 10) Mesoplodon sp. 
4) Orcinus orca 11) Kogia breviceps 
5) Neophocoena phocoenoides 12) Balaena mysticetus 
6) Delphinus delphis 13) Balaenoptera acutorostrata 
7) Inia geoffrensis 14) B. physalus 


terrestrial mammals. In baleen whales, the scapula is simplified to a maxi- 
mum extent, probably also reflecting maximum specialization. 


The typical cetacean scapula consists of a wide and flat triangular 
bone with considerable thickening in the region of the articular fossa. The 
scapula does not have the high prominences and deep recesses (related to 
development of different muscle groups) that are so typical for the scapula 
of many terrestrial mammals. 


In all toothed cetaceans, there is significant development of both 
the coracoid and acromial processes (Figure 38). In some whales (for example, 
Balaenidae, Platanistidae), the coracoid process is visibly less developed, 
whereas in Megaptera novaeangliae, the species with the longest (both abso- 
lute and relative) extremities, there is virtually no development of either 
the acromion or coracoid process. No doubt, this finding merits special 
functional analysis in the future. 


In spite of the fact that the cetacean scapula does not serve functions 
of transmitting and distributing the weight of the body from the extremity to 
the trunk, many well-developed muscles are attached to it. Some of them (the 
rhomboid muscle group) immobilize the scapula in a specific position in rela- 
tion to the trunk, others (greater in number) are related to providing mobility 
to the limb in relation to the scapula (Figure 39). 
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Figure 37. Skeleton of the pectoral limb of some cetaceans 
operas (Howell, 1930) 


a) Eubalaena b) Balaenoptera c) Globicephala d) Platanista 


B. Humerus, Radius, and Ulna 


The humerus, radius, and ulna are very markedly shortened and flattened 
in cetaceans (see Figure 37). This can be particularly seen on the humerus of 
toothed whales, where the proximal epiphysis (inserted in a functional articu- 
lation) is normally developed, whereas the distal epiphysis (which is fused 
with the proximal epiphyses of the radial and ulnar bones) is flattened and 
very small. 


The ulna and radius are firmly adherent to the distal end of the hun- 
erus. These bones, which are flat and compact, occasionally fuse with one 
another in cetaceans (for example, in river dolphins). These bones are very 
close to one another in Tursiops and Lagenorhynchus. 


The relative development of these bones varies in different cetaceans. 
In all cetaceans, the relative width of the humerus is approximately the 
same: the length of the bone is 2-3 times greater than its minimal width 
(the only differences being referable to data on the beluga, in which the 
bone is relatively long and narrow). All cetaceans are homogeneous with 
regard to width of the radius (with the exception of Hyperoodontidae): the 
length of the radius is 1.5-3 times greater than the minimum diameter. In 
representatives of Hyperoodontidae, the bone is considerably narrower and 
longer (the ratio is 3.9-4.3); this bone is even longer (6.6 ratio) in Megap- 
tera. The Hyperoodontidae and Megaptera also stand out with regard to rela- 
tive length of the ulna. In the sperm whale, beluga, and river dolphins, 
this bone is extremely wide. Unfortunately, until some special in-depth studies 
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Figure 38. Shape of scapula in some cetaceans (according to data of 


Legend: 
1) Balaenoptera borealis 
2) Megaptera 
3) Eubalaena 
4) Neomeris 
5) Tursiops 


different authors) 


6) Physeter 

7) Ziphius 

8) Inia 

9) Delphinapterus 
10) Grampus 





Figure 39. Musculature of the scapula of Delphinapterus leucas, 


Legend: 
rmv) m. rhomboideus vertebralis 


ltd) m. latissimus dorsi 
dt) m. deltoideus 

nah) m. mastohumeralis 
is) m. infraspinatus 
cr) m. cerratus 

tmi) m. teres minor 


rvp) 
tm) 
rmc ) 
Isc) 
cbr) 
suc) 
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dorsal and internal (right) views (Kleynenberg et al1,1964) 
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Figure 40. 
Skeleton of pectoral limb and loca- 
tion of blood vessels in the 


flipper of Balaenoptera borealis 
(Schulte, 1916) 


another. 


are pursued, it is difficult to inter- 
pret unequivocally, from the functional 
point of view, the above-described 
distinctions in structure of the bones 
of the pectoral limb. 


The structure of the humerus, radius, 
and ulna of cetaceans is subject to 
considerable individual variability 
both in size (length and width) of the 
different bones and in their relative 
development (Kleynenberg et al., 1964). 
With regard to relative development of 
different parts of the pectoral limb, 
there are typical and noticeable age- 
related changes. That research in this 
direction is promising is indicated by 
the work of W. Felts and F. Spurrell 
(1966) dealing with ontogenesis of the 
radius in beluga and the pilot whale. 
It was determined, in particular, that 
different parts of the humerus grow in 
a differentiated manner. Age-related 
variability is particularly visible 
with regard to degree of ossification 
of epiphyses and development of carti- 
lage plates at the sites of union of 
different bones. 


With regard to the structure of the 
ulna of some cetaceans, there is one 
important and striking distinction: 
development of a powerful olecranon 
(Figure 40). Such a developed process 
is present in all representatives of 
Hyperoodontidae, Balaenopteridae, and 
in Physeter. It is somewhat less marked 
in some dolphins, right whales, and the 
humpback. None of the representatives 
of Platanistidae and Monodontidae has 
an olecranon. 


The nature of connection of pectoral 
limb bones of cetaceans is indicative 
of loss of mobility between the humerus, 
and the ulna, as well as immobility of 
the radius and ulna in relation to one 


This situation is functionally comprehensible: this part of the 


skeleton serves as the foundation for a strongly developed manus. 
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The actual musculature of the shoulder girdle is rather well devel- 
oped in toothed and baleen whales. In most toothed whales, there are power- 
ful deltoid muscles, infraspinatus, and teres major. The first two muscles 
are involved in elevation and rotation of the flipper, the teres -- in lower- 
ing and turning the flipper. The supraspinatus muscle participates in 
immobilizing the base of the limb. 


There is a strong subscapular muscle on the internal aspect of the 
scapula, three sections of which proceed to the proximal epiphysis of the 
humerus, and because of this arrangement it participates in descending and 
partially in rotating the shoulder. The short but strong coracobrachial 
muscle, which goes from the coracoid process of the scapula to the internal 
aspect of the shoulder, participates both in raising the entire limb forward 
and in rotating it. 


All the muscles that link the pectoral limb to the scapula and trunk 
are attached only on the humerus. There are actually no limb muscles in 
toothed whales, but they are present in some baleen whales (for example, 
Megaptera novaeangliae, Struthers, 1885). 


C. Manus 


The structure of the manus of cetaceans merits special discussion. 
In the first place, it has undergone considerable changes in cetaceans, as 
compared to terrestrial mammals, and in many respects resembles the manus of 
other marine vertebrates (for this reason, it has long since served as the 
classical example of convergently occurring similarity of organ structure). 
In the second place, there are several distinctions to the structure of the 
cetacean manus that make it convenient as a morphological indicator in studies 
of genetic relations (Yablokov, 1959, and others). In the third place, the 
structure of the cetacean manus permits gaining better understanding of the 
ecological distinctions of various cetacean species. 


Basically, the cetacean manus constitutes the distal segment of a 
typical five-digit vertebrate limb consisting of three series of osseous 
elements of the carpus and a complete set of phalanges. However, all ele~ 
ments are encountered exceptionally seldom, and usually some deviations, to 
a greater or lesser extent, are observed (Figure 41). 


Let us consider the incidence, in the manus of different cetaceans, 
of a given number of direct connections between elements of the proximal 
row of the base of the carpus (basipodium) and metacarpal elements (acro- 
podium), on the one hand, and incidence of a specific number of carpal ele- 
ments on the other hand. With regard to direct connections between basi- 
podia and acropodia, the following data were obtained (Table 10). 


We see from these data that there is rather wide variability in struc- 
ture of the manus with regard to this sign. At the same time, in Delphinidae 
and Monodontidae (for which there is the most material, and it is possible to 
demonstrate distinctions that are typical for the vast majority of animals), 
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Figure 41. Principal types of structure of manus of Delphinapterus 
leucas (Kleynenberg et al., 1964) 


Legend: 
r) radiale C12) centralia 
i) intermedium 4) carpalia distalia 
u) ulnare m) metacarpalia 


Table 10. Incidence of different number of direct basipodium-acropodium 
joints in different families of Cetacea (according to drawings 
of different authors and our own data) 


Number of joints 
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a 'triple-jointed" manus is most frequently encountered. This does not apply 
to Hyperoodontidae and Balaenopteridae: they are characterized by a "double- 
jointed" manus. There are few data on Ralaenidae, but it may be assumed 

that a double-jointed manus will also be typical for them. 


If we were to consider that the number of joints is indicative of 
the relative sturdiness, mobility, and length of the manus (the more straight 
joints, the more rigid and stable the manus, the fewer -- the more mobile and 
flexible), then the manus of beaked and baleen whales should be relatively 
more mobile and flexible. 


It is interesting to mention a distinction that is inherent only to 
river dolphins: in most of the specimens examined, there is a direct union 
between metacarpal elements and radius and ulna. This joint between the 
acropodium and zeugopodium in the order of mammals studied is typical only 
for species of this family. It is also of interest to analyze the multiple 
connections established between metacarpal elements and the base of the basi- 
podium in several instances, in the sperm whale. It can be seen on prepara- 
tions that, in this case, there is a joint not only of the ulna and radius, 
but also the intermedius with the phalanges. These distinctions in structure 
of the manus of the sperm whale and river dolphin are indicative of strengthen- 
ing of the central element of the pectoral limb skeleton in these species 
(both in the sperm whale and river dolphin, the overall shape of the flipper 
is broad and shovel-like). 


A consideration of the incidence of a different number of carpal ele- 
ments in the manus leads to interesting results.* In the family of river 
dolphins (Platanistidae), 5-6 elements are encountered in the basipodium; 
in true dolphins (Delphinidae), there are 4-8; there are 4-7 in narwhals 
(Monodontidae); 3-6 in beaked whales (Hyperoodontidae); 5-8 in rorquals 
(Balaenopteridae); 5-7 in right whales (Balaenidae). The pilot whale and 
berardius demonstrate the fewest elements in the basipodium (four and three 
respectively). Among true dolphins, Delphinus and Sotalia (6-7) have a 
large number of elements in the base of the manus, whereas most of the 
Delphinidae examined present five elements in the basipodium. 


The submitted data on structure of the manus do not yet allow us to 
make a comprehensive enough functional analysis; they merely indicate that 
such analysis is feasible with further accumulation of data. 


While previously investigators devoted relatively little attention 
to the structure of the base of the cetacean manus, the situation is differ- 
ent with reference to the number of phalanges: in many anatomical descrip- 
tions, mention is usually made of the number of phalanges in different 
cetacean species. However, when comparing these data, one must take into 
consideration the fact that there are two methods of counting the phalanges: 


*In view of the difficulty of homologizing different elements of the basi- 
podium, it is expedient to compare only the total number of elements in 
this part of the manus. 
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Figure 42. 
Shape of pelvic bone and site of attach- 
ment of main muscles in B. borealis 
(Schulte, 1916) 
1) ilium 
2) pubes 
? 3) ischium 
4) m. rectus abdominis 
5) m. ischiocaudalis 
te 6) m. ischiocavernosus 





including the metacarpal elements and without them. Following inthe foot- 
steps of W. Kukenthal (1888), we believe that it is purposeful to include 
metacarpal elements with the phalanges, since, in cetaceans, they do not 
differ from true phalanges either in shape or arrangement. 


Distinct differences in number of phalanges are noted between differ- 
ent genera of the largest family, Delphinidae. A maximum number of phalanges 
is contained in the manus of Globicephala (up to 5, 15, and 11, in the first, 
second, and third digits, respectively). This is the largest number of 
phalanges in the digits named of all mammals known in general. The least 
number of phalanges in the two principal (most developed) digits in the 
Delphinidae are encountered in Orcinus (5-7 and 4-5 phalanges in the second 
and third digits, respectively). The other dolphin genera occupy an inter- 
mediate position. : 


With regard to number of phalanges, the Monodontidae family is close 
to Delphinidae; in Physeteridae, Hyperoodontidae, and Balaenidae, there is 
an average or slightly below-average number of phalanges; only in Balaenop- 
teridae is there a significant number of phalanges in the three middle digits. 
It is remarkable that in all species of Balaenopteridae there is a reduced 
number of digits: there are only four; it is generally believed that the 
first digit has been reduced in them, but in categoric form this conclusion 
is hardly accurate since, according to the arrangement of the remaining 
digits and elements of the base of the carpus, occasionally an impression 
is gained that there is reduction of the fifth rather than the first digit. 
Perhaps some light can be shed on this question by comprehensive embryological 
studies. 


The phylogenetic lability of structure of the distal portion of the 
pectoral limb of both baleen and toothed whales and the sharp fluctuation 
in number of phalanges coincide with the considerable ontogenetic lability 
of these structures. As we know, considerable individual variability is 
observed inanumber of digital phalanges within each genus (and species), 
and this is visible on the example of monotypic genera (even the right and 
left manus of the same animal usually differ somewhat with regard to the 
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Figure 43. 
Rudimentary hind limb of Physeter 
macrocephalus. North Pacific. 
Photography by A.A. Berzin 





number of phalanges; S.Ye. Kleynenberg et al., 1964; Tobayama et al., 1969). 
This considerable variability in manus structure does not permit making broad 
use of such structural distinctions of the manus as number of phalanges as 
indicator features of phylogenetic correlations between different genera, 
families, and suborders as a whole. 


As we conclude the question of digital structure in cetaceans, we 
must mention the few data thus far available on ontogenesis of the digits 
and the question of the shape and reciprocal position of digits in the flipper. 


A comparison of the relatively extensive material on manus structure 
in the beluga (Delphinapterus leucas) revealed that some digits have fewer 
phalanges in adult animals than in embryos. For adult animals the phalanx 
formula is 3-8-7-6-6 (n = 56 specimens), and in embryos (n = 49 specimens) -- 
3-9-7-6-6, and in the 15 smallest embryos there are more phalanges (3-9-8-7-7) 
(Kleynenberg et al., 1964). The same conclusion is completely consistent 
with the results of analysis of data on the digital structure of some other 
species of toothed whales. Thus, according to the data of F. Beddard (1900), 
the narwhal (Monodon monoceros) embryo digital formula is different from 
that of the adult animal (2-6-5-3-3 in the adult and 2-9-7-5-4 in the embryo); 
there are a few phalanges more inthe central digits of common dolphins (Delphinus 
delphis) embryos; there is a particularly significant (twice as many in 
embryos) difference between the number of phalanges in adult and embryonic 
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pilot whales (Globicephala melaena) (Beddard, 1900). All these data could 
be interpreted as indirect evidence of the existence of a greater number of 
phalanges than observed at the present time in the relatively recent ances- 
tors of contemporary species of dolphins. 


There are also some differences in arrangement of the digits in 
accordance with the diversity of overall shape of the pectoral limb in 
cetaceans (see Chapter 1). In the animals with long, elongated, and narrow 
flippers, the digits are long and parallel one another (for example, in most 
species of Balaenopteridae, especially Megaptera novaeangliae, and among 
toothed whales in Globicephala malaena). In other species, for example 
Delphinapterus and Orcinus orca, the flippers are short and broad, the digits 
in the flipper are far apart and somewhat curved. This of course strengthens 
the crested surface of the flipper due to better reinforcement of the entire 
limb. 


Cases of "splitting" of the digits have long been known in the beluga 
manus (Kukenthal, 1888; Kunze, 1912). According to the results of analyzing 
many manus specimens that we gathered, this distinction is quite common 
(clawlike splitting of the fourth or fifth digit was encountered in 10 out 
of 105 examined manus). Interestingly enough, it is expressly the last digits 
that demonstrate separation. The appearance of "supernumerary" bone elements 
in this part of the flipper should have an appreciable effect with regard to 
increasing the stability of its caudal margin. 


Digital splitting is also known in some other cetacean species. One 
would think that this distinction* would have been picked up through subse- 
quent evolution as a result of natural selection and that it would lead to 
formation of a manus with ramified digits. 


VIII. Pelvic Girdle 


The structure of the pelvic girdle of cetaceans is unique. Only a 
small part remains of the pelvic girdle: altered and reduced pairs of pelvic 
bones having no direct connection to the spine, in some cases several bones 
and elements of the tibia; in even rarer cases, more or less developed ele- 
ments of the foot. 


There are rather considerable difficulties involved in gathering mater- 
ial on the structure and arrangement of pelvic girdles of cetaceans. First 
of all, they are related to the technique of searching for and preparing small 
bones under whaling conditions. For this reason, at best, investigators have 
described merely the morphology of the osseous elements of the pelvic girdle, 
paying no attention to the distinctions with regard to arrangement of these 
bones in the cetacean trunk and their relations to adjacent organs. Further- 
more, there is serious reason to believe that in view of the difficulty of 


*The genetic, inherited nature of which is unquestionable (Bel'kovich, 
Yablokov, 1965; Timofeyev-Resovskiy et al., 1969). 
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dissection, even the osseous elements of the pelvic girdle are not usually 
completely extracted: in most cases, remnants of the actual extremity (femoral 
and tibial bones), which are often represented only by some rather negligible 
and outwardly shapeless ossifications (and occasionally even cartilaginous 
elements combined with connective tissue structures), remain beyond the 
investigator's field of vision. 


Starting with the works by anatomists of the last century, and at the 
start of our century with the work of 0. Abel (1908) and E. Lonnberg (1911la), 
the structure of the pelvic bones of cetaceans has been studied rather fully 
in its general features. In all cetacean genera without exception, there 
are bone elements corresponding to the pelvic bones of terrestrial vertebrates. 
We are impressed by the fact that all baleen whales have pelvic bones in the 
shape of an irregular triangle (Figure 42), whereas in all toothed whales 
they are columnar or rodlike in shape. 


In several instances, it is possible to clearly distinguish the boun- 
daries in the overall pelvic bone between the pubis, ischium, and ilium; 
however, such distinction is usually difficult. Thanks to the works of 
P. Beneden and P. Gervais (1880), 0. Abel (1908), E. Lonnberg (1911la), 

A. Howell (1935), R. Andrews (1916), Allen (1908), and other investigators, 
descriptions have been obtained of the pelvic bones of most genera of 
contemporary cetaceans on the one hand, and a general analysis has been 
made of the connections between these bones and surrounding organs on the 
other hand. 


Publication of works summarizing the significant material on individual 
variability of this organ within some species constituted a new stage in the 
study of the structure of the pelvic girdle of cetaceans (Hosokawa, 1951; 
Ogawa, Kamiya, 1957; Zemskiy, 1960; Kleynenberg et al., 1964). 


Let us consider these data in greater detail. With regard to struc- 
ture of pelvic bones, male toothed whales differ somewhat from females: in 
males the pelvic bones are larger (in an animal of the same size), they are 
more costate. The pelvic bones of females are smoother, without sharp 
crests and notches that are often present in the bones of males. Conversely, 
in male baleen whales, the pelvic bones are smaller than in females 
(Hosokawa, 1951b). 


Male toothed whales differ from females in arrangement of pelvic bones. 
In males, these bones are on the ventrolateral side of the bulbous penis, at 
the base of the corpora cavernosa, and in the females between the wall of 
the vagina and the mammary gland (see Chapter 8). H. Hosokawa (1951c) showed 
convincingly that even in similar species of baleen whales (the blue whale 
and finwhale were examined), the pelvic bones consistently and reliably 
differ not only in their overall dimensions but also in shape. Further- 
more, this author distinguishes three groups of pelvic bone structure in 
baleen whales: the first group includes all right whales in which the pelvic 
girdle always contains remnants of the femoral and tibial bones; the second 
group -- humpback, fin whale, and blue whale, in which one consistently 
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encounters the femur next to the pelvis; finally, the third group consists 
of the sei whale and bay whale, in which no remnants of the femoral or 
tibial bones are usually demonstrable. 


All these data confirm the fact that the rudiments of the pelvic girdle 
have a specific (and important!) functional significance to cetaceans 
(Yablokov, 1963). The significance of the organ is not lost, it merely 
changes. In this instance, the function of these bones makes possible effec- 
tive mating and nursing of offspring. 


In order to comprehend the nature of phylogenetic transformations that 
have occurred in the pelvic girdle of cetaceans, it is important to analyze 
the structure of this organ in sperm whales. 


In the last decades there have been more frequent sightings of sperm 
whales with remnants of posterior limbs protruding on the body surface 
(Figure 43). One would think that this did not occur as a result of actual 
increase in number of such specimens in nature, rather as a result of more 
thorough analysis of the captured animals, on the one hand, and an increased 
number of captured whales of this species, on the other. On the average, in 
approximately one case out of 10,000 of capturing sperm whale, specimens are 
found with protruding posterior limbs (Zemskiy, Berzin, 1961; Ogawa, Kamiya, 
1957; Nemoto, 1963). Similar cases have also been observed in other ceta- 
ceans: Delphinus (Sleptsov, 1939), Stenella (Ohsumi, 1965; Ogawa, 1953; 
Kukenthal, 1895), Megaptera (Ogawa, 1953), etc.; however, it is only with 
reference to the sperm whale that the existing material allows us to form 
a more or less complete picture. 


It was found that in addition to externally well-visualized protrusions, 
one encounters less visible ones with accordingly simpler structure (Figure 44). 
On the whole, one can construct a rather complete series: ranging from the 
presence of a single pelvic bone to presence of all elements of the posterior 
limb (including digital phalanges). 


The available data are not yet sufficient for a complete survey of 
the structure of this organ. There is serious reason to believe that con- 
siderable differences exist in the overall shape of the pelvic bones of 
different species. 


At the same time, it can be stated with complete certainty that the 
pelvic bones of cetaceans cannot be considered merely as remnants of extrem- 
ities that have disappeared, that have no significance at the present time. 
IX. Bone Structure. 

To conclude the description of the skeleton, let us consider in the 


broadest features the data pertaining to distinctions of the bone tissue 
structure in cetaceans. 
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Figure 44. 
Known variants in structure of h 


limb skeleton of Physeter macro- 
cephalus (Yablokov, 1966) 
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Figure 45. 
Structure of substantia spongiosa of 
the humerus of Delphinapterus leucas, 
12x (Felts, Spurrell, 1965) 





Figure 46. Radiography of cross section of the radius of Delphinap- 
terus leucas (Felts, Spurrell, 1966) 


The skeleton of cetaceans as a whole and its different parts of course 
bear a lesser load in supporting the weight of the body in the dense water 
environment than in terrestrial mammals. Occasionally, it is even stated 
that whales live in a state of relative "weightlessness" (Korzhuyev, 1965). 
This also affects the structure of bone matter. We know (Slijper, 1936; 
Ohe, 1950; Sleptsov, 1952; Felts, Spurrell, 1966; and others) that the bones 
of cetaceans do not have the medullary cavities that are typical for other 
mammals and that relatively friable bone tissue (spongy substance) with a 
large quantity of fatty substance between different osteons (Figure 45) is 
the basis of the bones of the extremities, large skull bones, and bodies 
of the vertebrae. 


Baleen and toothed whales do not have any long bones, although typical 
epiphyses have been been retained in the humerus and other elongated bones of 
the pectoral limb and ribs. 


Most cetacean bones have a structure that is typical for the bones of 
the vertebral structure: along the surface there is a layer of compact bone 
substance (stratum compactum) and then the entire space is filled with spongy 
bone substance (stratum spongiosum). However, the very distribution of 
osseous trabeculae differs considerably in the whale bones studied from that 
of other mammals (Felts, Spurrell, 1966), which could be directly related 
to the different direction of mechanical stresses. In accordance with the 
altered load on the extremity, for example, there is obvious redistribution 
of areas of greater or lesser bone tissue density in the ulnar and radial 
bones of the beluga, pilot whale, and finwhale examined by W. Felts and 
F. Spurreli (1965, 1966). 


The concentration of trabeculae on the superior, inferior, and anterior 
(in relation to the longitudinal axis of the animal's body) surfaces and marked 
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sparsity thereof on the caudal margin and in the center of the bone are well 
visualized on a preparation of the beluga radius (Figure 46). Thus, the 
frontal (directed toward the flow of water) margin of the bone is found to 
be the most secure. 


We know that generally increased bone density, pachyostosis, is typical 
for cetaceans (as well as such typical marine vertebrates as sirenians and 
ichthyosaurs). Thus the absolute density of the radius was found to consti- 
tute a mean of 0.75 gram/cubic cm in Globicephala melaena, and 1.18 gram/ 
cu cm in Delphinapterus leucas (and more in old specimens); the density of 
the humerus is lower in beluga and pilot whales (0.69 and 0.67 grams/cu cm, 
respectively). The value of density differs negligibly in the pilot whale 
from those found, for example, in human bones; however, the density of the 
radius of the beluga is considerably greater than the known indices for 
terrestrial mammals, with only the sea cows demonstrating a higher density 
(Felts, Spurrell, 1966). 


In view of the limited number of works dealing with the fine struc- 
ture of bones, E.M. Smirina (IBR [expansion unknown] USSR Academy of Sciences) 
conducted special studies to compare the bone structure of baleen and toothed 
whales. The mandible was selected for this study, since it was found possible 
to obtain comparative data on some whale species according to the structure 
of this bone. -A histological study was made of the bone structure in differ- 
ent parts of the mandible of Orcinus orca, Delphinapterus leucas, Tursiops 
truncatus, Delphinus delphis, Physeter macrocephalus, Balaenoptera acuto- 
rostrata, B. borealis, B. physalus. 


In spite of some difficulties related to the feasibility of maximally 
homogeneous comparison of parts of the bones from the same regions of the 
jaw, some common features were demonstrated that are inherent to the baleen 
and toothed whales examined (Figure 47; Table 11). 


According to these data, baleen whales have a much higher percentage 
of spongy bone tissue (substantia spongiosa). Another important character- 
istic is the presence of so-called general plates in toothed whales and 
absence thereof in baleen whales. At the same time, the baleen whales 
have macrocircular plates that are absent in toothed whales. Probably it 
is too soon to derive any definitive general conclusions for cetaceans as 
a whole. In particular, we know, for example, that in young spotted deer 
(Artiodactyla) the jaw structure resembles that of baleen whales, whereas 
in adult specimens the macrocircular plates are replaced by secondary osteons, 
while bone growth proceeds exclusively through superposition of general 
plates (in other words, the bone structure in the adult deer is close to 
that of the toothed whales). On the other hand, the structure of the jaw 
bone of such predatory mammals as the sable and polar fox greatly resembles 
that of dolphins. 


X. Conclusion 


In spite of the enormous quantity of works dealing with the cetacean 
skeleton, to date we do not have exhaustive data on the characteristics of 
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Figure 47. Microstructure of bones of baleen and toothed whales. 


Macrocircular plates of baleen whales are visible 


Léwend: (preparations of E.M. Smirina) 
1) Orcinus 2) Delphinapterus 3) Delphinus 4) Tursiops 
5) Physeter 6) Balaenoptera borealis 


7) B. physalus 
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Table 11. Distinctive structural features of the mandibula of cetaceans 
(data of E.M. Smirina) 





Genus, species berg _.__40na compacta zona 
° i ies 
Pon, pan anaits EpeEtOeeed’ 20ne= ossified endost. jspongiosa 
. a RLCMT general tissue zone 
Pani aae| eaten 

Orcinus 1V = + + + — 
Del phina plerus I — _ + _ ++ 
I - + + + + 
Hl = + as + a 
Tursiops truncatus I = _ + ws + 
II = + + = ae 
Ill = + + + = 
Del phinus I = + + eS oo + 
I Zs + +. - 4 
Ill = + + 4. = 
Physeter I ae —* + ae + 
Balaenoptera acutoro- I as —_ + + 
strata lil + —_ + + 
Balaenoptera borealis I = = zi + 
II a = + + 
Il + — + + 
Balaenoptera physalus I = — oa + 
m - - + + 
HI + - + a 














*According to the data of M. Nishiwaki et al. (1961) the sperm whale does have 
general plates. 


Note: Plus and minus signs indicate presence-and absence, respectively, of 

a given feature. On the whole, at the present stage of our investi- 
gations, we can merely note that there are basic differences in structure 
of the jaw of the baleen and toothed whales studied, and we can call atten- 
tion to the need for further and broader investigation of the structure of 
this bone. 


all parts of the skeleton of all cetacean genera. Even the most complete 
data on skull structure require further definition and critical considera- 
tion, since the descriptions made on the basis of examining isolated speci- 
mens are often incomparable. At the same time, investigation of the cetacean 
skeleton not only is related to investigation of systematics, but it is also 
extremely important from the standpoint of functional morphology, physiology, 
and in some cases even to work out general problems of theoretical morphol- 
ogy and evolution. Investigation of various levels of variability of osteol- 
ogical structures is related to the last problems; it permits disclosing the 
profound results of the process of evolution. Investigation of cetacean 
osteology should presently draw as much attention (and perhaps even more) 

as in the period of extensive cataloguing of fauna when expressly osteology 
served as the most important criterion in describing species, 
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Such distinctions in the structure of skeletal musculature as the 
very strong attachment of the head region, hypertrophied development of 
vertebral muscles related to the action of the tail as the main locomotor 
organ, transformation of the musculature of the pectoral limb related to 
progressive weakening of the "terrestrial" group of muscles are typical for 
all toothed whales (Murie, 1873; Stannius, 1849; Howell, 1930b, and others). 
However, the details of cetacean muscle structure have been very inadequately 
studied. 


Data pertaining to the structure of the cetacean skeleton allow us, 
even now, to distinguish some general features inherent to different groups 
of cetaceans. Thus, several main types or "plans" are distinguished in the 
skull structure, one of which is typical for some baleen whales (the families 
of right whales and rorquals), and others are typical for different families 
of toothed whales. The range of differences in skull structure of baleen 
and toothed whales is visibly greater than, for example, between orders of 
contemporary terrestrial mammals. Substantial and quite noticeable differ- 
ences between baleen and toothed whales are also demonstrable with reference 
to the structure of other parts of the skeleton: hyoid system, spinal column, 
thorax, limbs, pelvic girdle, and finally in the characteristics of bone 
tissue. These differences exist along with features of similarity in the 
structure of the skull and postcranial skeleton of baleen and toothed whales. 
Evaluation of the depth and basic importance of these features of similarity 
and distinction is a task for future special investigations. 
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Chapter 4 


TEETH AND BALEEN SYSTEM 


The complete reduction of teeth and development of a distinctive 
baleen system in the mouth is probably the main distinction of representa- 
tives of the two suborders of contemporary cetaceans. For this reason, 
researchers have long since been concerned with the structure and distinc- 
tions of the functional straining or baleen system of Mysticeti. 


The interest in studying these organs and the possibility of describ- 
ing the dental system both in a chapter dealing with the digestive system 
and in a chapter dealing with description of the skeleton -- all this allows 
us to distinguish the description of the features of the dental system and 
baleen system of cetaceans in a separate and independent chapter. 


I. System of Teeth 


The dental system of cetaceans as a whole, as an organ, had previously 
rarely drawn special attention of researchers, and we can mention only a few 
works specially dealing with the structure of teeth and their arrangement in 
the maxillae of cetaceans (Tryuber, 1939; Fraser, 1938; Lonnberg, 1911c; 
Neuville, 1928; and survey by Yablokov, 1958b). Information about the anatomy 
of the dental system and fine morphology of the tooth and total number of 
teeth is often encountered in various works dealing with biology, and in 
recent years in works dealing with determination of the age of mammals (see 
survey by Klevezal', Kleynenberg, 1967, as well as chapter 16). 


We know that there are no mature functional teeth in Mysticeti.* 


As a rule, all toothed whales have teeth that are developed and func- 
tional to some degree or other. Let us note immediately that there is an 
exception to this rule: in the Cuvier beaked whale, there are no teeth at 
all on the surface of the oral cavity (remaining as formed rudiments in the 
gum), while the margins of the upper and lower jaw are covered with very firm 
horny ridges and folds (adaptation to retain squid?). It may be stated that 


*Below there will be more detailed discussion of processes of tooth develop- 
ment in baleen whales. 
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Figure 48. 
Diagram of shaped erosion of opposite 


teeth in Delphinapterus leucas 
Ty (Yablokov, 1958b) 
a by iy / 
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toothed whales present the widest range in number of teeth, as compared to 
any mammals (toothed whales may present the largest number of teeth of any 
mammals, 260, see below). 


A. Shape and Structure of Teeth 


The shape of cetacean teeth is quite varied. Most often the teeth are 
simple and peg-shaped. The point of such teeth is round in Tursiops 
(Kleynenberg, 1956a), club-shaped in Phocoena (Barabash-Nikiforov, 1940; 
Mohl-Hansen, 1954), pointed in Delphinus, Orcinus, Physeter, and Inia 
(Burmeister, 1865; Neuville, 1928; Bikhner, 1906; Kellogg, 1940; Sleptsov, 
1955a; Kleynenberg, 1956a). A simple peg-shaped tooth is sometimes equipped 
with blade- and shovel-shaped crowns in Phocoena (Lonnberg, 19llc; Barabash- 
Nikiforov, 1940), as well as constrictions varying in depth separating the 
root from the crown (Burmeister, 1865). 


The teeth may be curved in different ways: they are flattened in the 
frontal direction in Globicephala melas, they may assume an ellipsoid shape 
as in Orcinus orca (Sleptsov, 1955a), and laterally compressed as in the 
Hyperoodontidae. The cetaceans have very interesting complex and ridged 
teeth. Such teeth are encountered in Phocoena and Delphinapterus leucas 
(True, 1909; Lonnberg, 1911b; Sleptsov, 1955a). The extreme deviations from 
the typical form are encountered, on the one hand, in Monodon monoceros, 
whose teeth consist of enormous anteriorly directed twisted dentin tusks 
several meters long, and on the other hand, there are the teeth of the 
beaked whales, which are broad, flat, slightly curved plates lodged indi- 
vidually along the margins of the mandible (Gray, 1865; Weber, 1904). 


In some cetaceans, the shape of the teeth changes in the course of 
their life due to intensive mechanical erosion. Dental erosion was noted in 
the bottlenose dolphin by S.Ye. Kleynenberg (1956a), in the porpoise by 
M.M. Sleptsov (1955a) and G. Burmeister (1865), in the pilot whale by N.A. 
Smirnov (1935) and Ye.A. Bikhner (1906), and in the beluga by Ye.A. Bikhner 
(1906), N.N. Peskov (1931), and M.M. Sleptsov (1955a). 
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As a result of such irregular ero- 
sion, sharp boundaries are formed on 
the teeth of the maxilla (Figure 48). 
When the jaws are closed, the teeth 
of the opposite jaws are closely aligned 
and adjacent to one another, forming a 
sort of system of small but powerful 
scissors. In the cachalot, unlike 
beluga and other species that are 
chiefly ichthyophages, the lower teeth 
have maximum development.. The upper 
teeth are smaller, curved, and barely 
visible from the outside, and they are 
not firmly seated. They are not 
arranged strictly over the lower teeth, 
so that when the mouth is closed, the 
teeth of both jaws do not necessarily 
touch one another (but the jaws join 
very firmly). 


The pulp cavity is usually distinct 
up to maximum development of the teeth. 
The size of this cavity varies in dif- 
ferent animals and often, with iden- 
tical absolute tooth size, the pulp 
cavities differ sharply in size. 


The typical feature of cetacean 
teeth is that the enamel is either very 
thin (Lonnberg, 1911b) or completely 
lost in the course of postnatal develop- 
ment. As it will be shown below, the 
enamel is always implanted and develops 
in the course of ontogenesis of all 
toothed whales. 


Longitudinal sections of upper and 
lower teeth of beluga reveal a strong 
layer of cement surrounded by a rela- 
tively thin dentin stalk traversing 
the entire tooth (Figure 49). 





Figure 49. 
Diagram of tooth structure (vertical 
section) in some cetaceans (accord- 
ing to different authors, cited by 
A.V. Yablokov, 1958b) 
Legend: 
1) Delphinapterus leucas (adult) 
2) D. leucas (juvenile) 
3) Physeter The structure of the lower teeth of 
4) Rerardius 3) enamel the cachalot resemble the upper teeth 
5) Delphinus 4) dentin of the beluga. As in the beluga, there 
6) Globicephala (4) cement is no enamel on the teeth of the adult 


sperm whale. 
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As can be seen on this figure, the 
upper teeth differ from the lower teeth 
merely in that there is an extremely 
small pulp cavity, which is totally 
lacking in the teeth of the mandible. 


The teeth of Berardius bairdi differ from those of the beluga and 
sperm whale in structure. In longitudinal sectionmsof the Berardius tooth, 
there is a very noticeably different correlation, as compared to other 
cetaceans, between the layers of dentin, cement, and enamel. Most of the 
tooth, its body, consists of dentin, as in other whales. There is very 
strong development (as compared to what is observed in the teeth of the 
pilot whale, Delphinus delphis, Steno rostratus, Phocoena phocoena) of a 
layer of cement covering most of the tooth surface. The most interesting 
element in the structure of the Berardius tooth is the presence of a strong 
layer of enamel (Figure 49) up to 4.5 mm in thickness. This layer covers 
the crown of the tooth and reaches the greatest development in this area. 
Continuing downward (approximately to half the height of the tooth), it 
gradually becomes thinner and then disappears entirely. The dentin structure 
in the Berardius differs from that of the sperm whale, beluga, and other 
cetaceans. It does not present radial or transverse age-related stratifica- 
tion (see Chapter 16) as in other whales. 


The teeth of the killer whale (Orcinus) resemble those of the beluga 
and sperm whale in shape, and in size they occupy an intermediate place 
between them. Most of the tooth consists of dentin. The layer of cement 
covering the inferior part of the tooth is thin, and the top part of the 
tooth is covered by a very thin layer of enamel. 


These distinctions of the teeth of four species give us a general 
idea about the main variations in tooth structure of whales and enable us 
to distinguish the main types. 


B. Number and Distribution of Teeth in the Mouth 


The data on quantity and distribution of teeth in the upper and lower 
jaws of toothed cetaceans are submitted in Table 12. In most toothed whales, 
we observe wide individual variability in number of teeth. Thus, the total 
number of teeth may demonstrate a 1.5-2-fold change in the sperm whale, 
common and black finless porpoise, pilot whale, common dolphin, etc. In the 
gray dolphin [grampus], the number of teeth undergoes a 4.5-fold change in 
different specimens (!). However, among toothed whales, one encounters species 
with a relatively constant number of teeth. This applies to Ziphius and 
Mesoplodon, i.e., expressly the species that have a rather small number of 
teeth. 


In many toothed whales, there are fewer teeth in the upper jaw than 
in the lower one. Thus, there are fewer teeth in the maxilla of all beaked 
whales, pygmy and true sperm whale, whereas among dolphins this applies to 
the right whale dolphin, gray dolphin, Dall's porpoise, as well as the 
gangetic dolphin. 


It is assumed (Tomilin, 1954) that the reduction of teeth in the 
maxilla is related to the cuttlefish diet. This assumption has some serious 
grounds with reference to beaked whales, cachalot, and the gray dolphin. 


Table 12. Number and distribution of teeth in toothed whales 





Total 


maxil. |mandib teeth 
é eat (Se er ares cee 


Teeth in each 
half 





Poa Genus ABrop * Author* 


Odontoccti 

Pontoperia 53 59 242—2940 | Garvalho, 196! 
Inia 23? 96—32 |104-~136 | Beddard, 1900; Carvalho, 1964 
Li potes 32—34 34—34 | 132—136 | Bourdelie, Grasse, 1955; Hawke, 1956 
Platanista 28—32 | 30—33 |116—130 |Bikhner,1906; Hawke, 1956 
Steno** 48—27 48--27 | 72408 Heanara, 1900; Weber, 1904; True, 1889; Neuville, . 
Sotalia *** 26—36 26-34 1104—166 | Beddard, 1900; Lydekker, 1901; Cadenat, 1956 
Stenella ** = en a Beddard, 1900; i ; ; 

enella 30—56 | 30—56 | 120—208 1959; NUK ee ae 1935, Cadenat, Doutre, 
Del phinus 39-65 | 39-65 |156—260 Gray ,1865; Silant ‘yev,1903,Barabash- 
Tursiops 16-27 | 18-26 | 74404 | wener, i904; ¢ Nikiforov, 1340; KLeynenberg, 

Tow Kleynenberg, 1956a; 
30 30 120 Knox, 1998 Feadenat,195$7°64 

Lissodel phis 44—50 40-—5A 1462-204 | Tobayama et al., 1939 


Lagenorhynchus 20-45 390-45 | 80-180 | Waterhouse, 1938; Beddard, 1900; Sleptsov, 1955b 
Cephalorhynchus 9592 | 9539 | 409120 | Bourdelle, Grasse, 1955 














Orcaella 49—19 12-14 | 48--76 ues 1878; Beddard, 1900; Bourdelle, 1955; 

Pseudorca 742 g—42 | 39-48 | Weber, 1904; Paulus, 1963; Mitchell, 1935 

Orcinus 40—14 8—14 | 36—56 | Kellogg, 1940; Flower, 1864 

Grampus 0--2 | 2-7 4—4g | Kellosz, 1940; Tomilin, 1951b 

Globice plata 6-13 | 7-43 | 28-59 | Beddard, 1900; Smirnov, 1935; Paulus,1960 
Feresa | 842 | 10-13 ' 4Q—48 | Yamade, 19545; Cadenat 1958: Nishiwaki. 1963 

Phocoena 46—30 | i027 64—114 | TSalkin,1938b; Beddard, 1900 

Phocoenotdes 45—27 | 299-98 | 74—104 Bedaara, (00: Andrews, 1914; Tomilin,1951b; Ni- 
Neophocaena 45-—26 {5-26 60—104 | Beddard, 1900; Howell, 1927; Nishiwaki, 1963 

Pepenocephala 2425 49—24 Nakayama, Nishiwaki, 1965; Nishiwaki, Norris, 1966 

Del phinapterus 6—A4 5-41 | 22-24 |Lonnberg, 1911b;  Peskov,1931;Yablokov,1958b 
Monodon 42 0 2—4 Fraser, 1938; Kellozg, 1940 

Kogia 0—9 8-416 | 16—36 Zamada, soe: SLeptsov, 1955a; Nishiwaki,1963; 
Physeter **** 0—15 17-3) | 40—73 | Boschma, 1958; Omura, 1950; Berzin, 1970 

Tasmacetus 49 | 27-28 | 91-93 | Tomilin, 1954; Walker, 1964 

Berardius 0 2-4 4-8 |Sleptsov, 1955a 

Mesopiodon 0 4-2 2—4 | Kellogg, 1940; Nishiwaki, 1962 

Ziphius 0 1—2 2 Kellogg, 1940 

Hy peroodon 0 24 4-8 | Beddard, 1900; Sleptsov, 1955a 


*Mention is made of authors who reported only the extreme range of 
variations in number of teeth in a given species. 
*xUsually more teeth on the maxilla than. mandible. 
*k*Usually fewer on the maxilla. 
*x*kxFewer in females. 


In some toothed whales, there are more teeth in the upper jaw. In 
the beluga, the teeth are arranged in both jaws in such a manner that there 
are 1-3 teeth more in the upper jaw of most animals than the lower. The 
same phenomenon, but in more marked form, is observed in the narwhal, common 
and black finless porpoise, and some Lagenorhynchus species. In the bottle- 
nose dolphin and some Sotalia species, a somewhat larger number of teeth in 
the upper jaw is also observed. 
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Figure 50. Upper and lower jaws closed in the killer whale (Orcinus 
orca). Carious injury to one of the upper teeth is 
visualized. The lower lip has been separated. Shikotan 
Island. Photography by A.V. Yablokov 


Finally, there is a large group of cetaceans with absolutely the same 
number of teeth in the upper and lower jaws. Most representatives of true 
and river dolphins are referable expressly to this group. 


The arrangement of the teeth in the jaws may be indicative of some 
interesting biological factors in cetaceans. Some cetaceans have teeth 
that are outside the oral cavity when the jaws are closed (beaked whales, 
narwhal). Because of such arrangement, of course the teeth cannot serve to 
capture and hold food. The very marked sexual dimorphism in development of 
teeth in such species allows us to interpret this distinction as a secon- 
dary sex sign (Raven, 1942; Yablokov, 1958b). 


According to the above-described distinctions in tooth structure and 
tooth anatomy in the beluga and killer whale, adaptation for nutrition pro- 
ceeds not only in the direction of a decrease or increase in number of teeth, 
but also in the direction of change in their structure, which ordinarily was 
not given due attention. 


The arrangement of the teeth one opposite the other constitutes a 
system of self-sharpening scissors (Figure 50). When the jaws are tightly 
shut, the prey is not only captured and firmly held, but, apparently, also 
killed. It is significant that this system of scissors has reached the 
most development only in the adult animal. This is when the beluga turns 
to an exclusive diet of fish (Arsen'yev, 1936). 





Figure 51. Overall view of terminal maxillary region of Balaenoptera’ 
physalus. The animal is supine. Recesses seen on the 
ventral side of the snout (Jacobson's organ?). Paramushir 
Island. Photography by A.V. Yablokov 


In conclusion, let us mention that we know of numerous instances of 
sexual dimorphism in number of teeth. 


II. Baleen (Straining) System* 


The baleen (or straining) system of Mysticeti consists of two rows of 
cornified plates arranged along the long axis of the skull on the ventral 
side of the maxilla (Figure 51).. The base of each plate is deeply immersed 
into the epidermal pad of the palate (the bases of the plates in the middle 
of the row are immersed the deepest into the gum). The baleen plate has the 
shape of a more or less regular, right-angled triangle, the hypotenuse of 


*In this part of the chapter, we use the results of studies performed in the 
nature of a course assignment by T.V. Andreyeva, under the guidance of B.S. 
Matveyev and A.V. Yablokov, on the Chair of Vertebrate Zoology, Moscow 


State University. 
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which is directed into the horny plate and the long cathetus is directed out- 
ward. The margin of the plate facing the mouth has a "fringe" consisting of 
individual cornified tubes; the apex of the plate directed down is usually 
split into more or less large connections of these little tubes. Each plate 
is somewhat concave anteriorly and is not arranged in the epidermal pad 
strictly perpendicular to the longitudinal axis of the skull, rather with 

a turn of the baleen margin somewhat forward (the angle of this turn may 
change in different species and even in different plates within each row). 
As a result of such arrangement of the baleens, the fringe of each plate 
seems to cover the margin of the adjacent plate, which provides for more 
effective filtration (Tomilin, 1957). 


The rows of plates are arranged over the entire length of the maxilla 
and they either join in front (in all Balaenopteridae) or are divided in 
the region of protrusion of the mandible (in the Balaenidae and Eschrichtidae). 
The entire system of baleen plates is a perfect apparatus for straining 
(filtering) a large quantity of water captured along with food in the 
mouth (see Chapter 5). 


A. Number and Distinctions of Baleen Plate Arrangement 


The total number of plates in each half of the baleen row could be 
quite considerable, reaching 527 in the fin whale (Table 13). 


The accuracy of the figures given in the table could have inevitably 
been affected by the somewhat different methods of counting plates by differ- 
ent authors (in some cases, the number of plates is higher due to the fine 
cornified structures at the very beginning and end of a row); however, these 
discrepancies could not obscure the differences in number of plates between 
different genera and species of baleen whales. 


We are impressed by the small number of plates in Eschrichtius gibbosus. 
With reference to other species, we can distinguish the group of cetaceans 
with a mean number of about 300-360 plates (all species of Balaenopteridae) 
and the specimens that occupy an intermediate position (all species of 
Balaenidae). 


An important characteristic of the straining system is the density 
(frequency) of the plates in a row. 


As can be seen from the data submitted, there is a mean of seven plates 
per 10 cm of the row in the gray whale, right whale, and blue whale; 23 
plates in the least rorqual and 10-12 plates in the other rorquals. Probably 
the density of the baleen plates should be interpreted as one of the chief 
indices of capacity to filter large food organisms (fish and squid). Of 
course, the density and length of the fringe should be interpreted as an 
index of capacity for straining small forms entering the mouth. On the other 
hand, the density of the baleen plates could also be considered as an index 
of speed with which large quantities of water are ejected from the mouth. 
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Table 13. Number of baleen plates in different whale species (according to 
Tomilin, 1962; Sleptsov, 1955a; Ivanova, 1961la, b, c, e; Nemoto, 
1959; Ohsumi, 1960; Mackintosh, Wheeler, 1929; Andrews, 1916, 
and others 





1 Number of 
Genus, lplates in row} Mean 
species | eens 
range |mean|of row _ 
Eschrichtius 130-180 460 7,0 
B. musculus 270—400 330 7,0 
B. physalus 260—527 360 9,6 
B, borealis 231—348 315 10,0 
B. edeni 250—370 300 11,8 
B. acutorostrata| 300—440 340 23,0 
Megaptera 270-—-400 330 | 14,6 
Eubalaena 206—268 240 ? 
Balaena 220—260 245 6,8 
Caperea 210—~260 230 6,7 





Figure 52. Arrangement of fringe on the apex of one of the small baleen 
plates in Balaenoptera physalus. Photography by A.V. 
Valetskiy 


B. Coloration, Size, and Shape of Plates 


In all species the baleen plates differ in shape, size, and color. 


In the blue and Greenland right whales, all the plates and fringe are 
black, in the least rorqual and gray whale they are grayish-black, in the 
Atlantic right whale and Bryde's whale they are black with a light fringe; 
in the fin whale most of the plates in a row are dark grayish-blue, and the 
internal margin is lighter than the external, whereas in the anterior part 
of the right row of plates one aiways encounters a group of white plates 
similar to those of the least rorqual. The distinctions with respect to color 


of the baleen plates and brushes [fringes] are an important sign in identify- 
ing the species of a sighted specimen of baleen whale. It should be recalled 
that there are many descriptions in the literature of specimens with various 
intermediately colored baleen plates (for example, Taylor, 1957; Williamson, 
1959, and others). 


The gray whale has relatively shortest and broadest plates, and the 
right whales have the longest (not only relatively, but also absolutely) ; 
rorquals occupy an intermediate position with regard to this feature 
(although the rorqual group is generally homogeneous for this sign, the 
narrowest plates are found in the finwhale and sei whale). 


Each individual plate is relatively homogeneous in thickness. At the 
same time, we observed some differences in thickness of plates taken from 
different parts of the row. The data we obtained on the absolute thickness 
of plates of different baleen species indicate that the thickest plates are 
referable to the finwhale and the thinnest to the least rorqual and humpback, 
whereas the baleen plate of the Atlantic right whale, blue whale, and sei 
whale occupy an intermediate position with regard to this feature. 


C. Plate Fringe 


As we have already noted, each cornified plate bears so-called fringe -- 
numerous thin and elongated cornified fibers (Figure 52) directed into the 
oral cavity. Various cetacean species differ significantly according to 
density of the fringe, as well as characteristics of the horny tubes of 
which it consists (their length and thickness) (Tomilin, 1962; Ivanova, 
196la, b, c, e; Nemoto, 1959, and others). 

With regard to density of the "fringe," there are two distinctly oppo- 
site groups, on the one hand B. borealis and all species of Balaenidae 
(more than 40 tubes per cm) and the gray whales on the other (although there 
are no exact data on quantity of tubes, all investigators agree that 
Eschrichtius gibbosus has very few), with the other rorquals in the inter- 
mediate position. Among the latter, the humpback and least rorqual have 
minimal fringe (14-15 tubules per cm), the blue whale and fin whale have a 
somewhat larger quantity (about 30 per cm of plate border). The rather 
dense fringe of finwhale and blue whale and relatively sparse fringe in the 
lesser rorqual are quite consistent with the dietary distinctions of these 
species (the last two feed on large objects to a significant extent, and 
greater details are given in Chapter 12). However, this interpretation 
cannot apply to the humpback (whose diet consists largely of small plankton 
crustaceans) and the sei whale (in which the fringe is not only dense but 
also the thinnest, whereas half its diet consists of squid and fish). 
Perhaps the solution to this paradox lies in the length of the tubes, which 
are relatively very short in the species that usually feed on squid and 
fish, and relatively long in obligatory planktophages. 


Probably the above data on the characteristics of the fringe, dealing 
only with its dimensions and density, are not sufficient for a complete 
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Figure 53. Cross section of a baleen plate (Jonsgard, 1940) 
Legend: 
A) Balaenoptera musculus B) B. physalus 


characterization of this functionally important part of the baleen system. 
In the future, it would be interesting to compare different baleen species 
with reference to the relative firmness and elasticity of these horny tubes. 
The existing fragmentary data (Nemoto, 1959; Tomilin, 1962, and others) indi- 
cate that there are also differences between species according to these 
characteristics. Thus, the Greenland whale and sei whale are characterized 
by a soft "hairy" fringe; the least rorqual, fin whale, and blue whale have 

a "bristly" fringe; the humpback and Bryde's whale have a hard and rough 
fringe; the gray whale is characterized by a coarse and rigid fringe. These 
characteristics are far from offering the desired accuracy, but they are 
indicative of distinctions in the baleen system that are not detectible 

by analyzing only the results of the usual measurements. 


D. Microscopic Plate Structure 


Even from the early works (Eschricht, Reinhard, 1866; Tullberg, 1883), 
we know that the baleen plate consists of a large number of separate hollow 
tubes of horny matter that are firmly interconnected and layers of solid 
horny tissue forming the superficial part of the plates. The horny tubes 
travel from the base to the apex of each plate without branching, without 
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interruptions, and without joining one another. As they approach the margin 
of the plate, the horny tubes protrude to the outside, forming the fringe. 
Each tube originates from a dermal papilla located at the base of the epi- 
thelial pad and covered with a layer of actively dividing cells. 


We know that the thickness of the superficial (cortical) cornified 
plate layer is not the same throughout the length of the plate: thicker and 
then thinner areas are encountered (Ruud, 1940). These periodic changes in 
thickness of the surface layer coincide generally with annual changes, and 
could serve, as believed by many reseatchers (for example, Ruud, 1940; 
Nishiwaki, 1950a), as one of the criteria of the animal's age (see Chapter 16). 
We know, in addition, that the cortical layer is thinner in young animals 
and that it grows thinner from the base of the plate to its apex. 


The number of tubes varies in different parts of the baleen plate. We 
have obtained data that indicate that the quantity of tubes reaches a maximum, 
in all examined parts of the plates, in the Atlantic right whale (288) per 
15 mm length, and the minimal number is found in the least rorqual (30 per 
15 mm). These data are quite consistent with the density of the fringe in 
these species (see above). 


Interestingly enough, there is sharp fluctuation in number of tubes 
in different parts of the plates (up to 10-fold!) in each of the species. 
Thus, a maximum number of tubes (570) was noted in the Atlantic right whale 
in the middle of the base of the plate, and the minimal number (38 and 52) 
along the external margin of the plate. This distinction is generally typical 
for almost all the other species studied: a maximum number of tubes in the 
middle or near the internal margin of the plate and a minimal number near 
its external margin. The least rorqual is an exception; in the baleen plates 
of this species studied, there was a maximum number of tubes near the base 
on the exterior margin. In spite of the fact that the data submitted above 
should be considered tentative, they are indicative of the fact that it 
would be interesting to continue investigating the architectonics of baleen 
plates. 


Figure 53 shows that cross-section shape of the tubes is quite diverse: 
there are round, triangular, multi-angular, and irregular-shaped tubes. As a 
rule, the fine tubes are arranged in the middle of the plate forming a sort 
of medullary layer, while the larger ones are on the periphery directly at 
the cortical layer. Such differentiation in arrangement of tubes is the 
most distinct in the plates of thefin whale and blue whale, and it is less 
distinct in those of the humpback and sei whales. The tubes differ in 
color and in fine structural distinctions: some are completely colored and 
very strongly, in others there is strong coloration of only specific areas. 
This structural distinction of the tubes served as the basis for the assump- 
tion (Andreyeva, Yablokov, 1965) that there is a link between number of 
concentric dark bands and the animal's age. 


The different species of whales studied differ somewhat with respect 
to structure of the baleen plates. Thus, in the Atlantic right whale, the 
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medullary layer consists of numerous fine tubes with poorly marked stratifi- 
cation, whereas in all representatives of Balaenopteridae, the medullary 
layer contains more or less differentiated areas of large and small tubes 
(see Figure 53). The humpback also differs from true rorquals in arrange- 
ment of the tubes. 


In concluding the section on the microscopic structure of the baleen 
plates, we should discuss the statement encountered in the literature concern- 
ing the presence of nerve elements and blood vessels in the tubes (Nishiwaki, 
1950). Such structures are not demonstrable on microscopic preparations 
made from dry plates. However, our direct observations on whalers indicate 
that in all cases without exception, when recently killed whales are cut up, 
blood seeps from the severed baleen plates (especially their external part, 
opposite to the fringe margin, although the incision is rather high, 10-15 cm 
above the gum level). Therefore it appears possible to believe that the so- 
called plugs encountered on histological preparations over the entire length 
of the tubes consist not only of dead cornified cells (Slijper, 1958a), but 
also of remnants of formed blood elements, as well as collagen elements of 
the dermal papillae. 


E. Comparison of Baleen System in Different Species 








A comparison of the data pertaining to the structure and arrangement 
of the fringe, structure and arrangement of the baleen plates proper to the 
known ecological distinctions of different species cannot fail to reveal 
some contradictions in development of morphological structures. For example, 
in the least rorqual, on the one hand, the plates are closest to one another 
in a row, and the density of the fringe is sparsest as compared to other 
species. It would seem that these characteristics correspond to the nutri- 
tional distinctions of the animal, which runs mainly in schools. However, 
the thickness of the fringe is found to be relatively negligible, which is 
indicative of the possibility of retaining small crustaceans as well. In 
the sei whale, the density of the plates in a row is close to that in the 
humpback and finwhale, and visibly greater than in the blue whale. Such a 
plate arrangement is consistent with the diet of the sei whale (which feeds 
to an equal extent on squid and fish, on the one hand, and plankton crusta- 
ceans on the other). At the same time, according to the number of different 
bristles per cm of plate margin as well as the extremely delicate fringe, 
this species stands out sharply among other baleen whales. Finally, the 
blue whale, which is an obligate consumer of planktonic crustaceans, has a 
very sparse arrangement of plates, moderate density of fringe, which, it 
would appear, contradicts its adaptation to nutrition consisting mainly of 
fine plankton. 


All these contradictory characteristics could be explained if we 
assume that none of the contemporary species of baleen whales has undergone 
profound unilateral specialization in nutrition (only plankton crustaceans, 
only cuttlefish, only school fish). Even if most of the structural distinc- 
tions of the baleen system are found to be adapted to feeding on some one 
main form of food, there are always distinctions that enable typical 
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Figure 54. Figure 55. 
Overall view and section of epidermal Diagram of baleen plate growth. 
"pad" on the maxilla of a Balaenoptera Drawing by T.V. Andreyeva. 


physalus embryo, 315 cm. Drawing by Legend: 

T.V. Andreyeva. Primordium of baleen 1) epidermis 

plate is visible 2) corium 

Legend: 3) dermal papilla 
1) epidermal ridges (future plates) 4) Malpighian layer of epidermis 
2) dermal papillae 5) tube 
3) epidermal papillae (future horny 6) superficial layer of baleen 

bristles and fringe) plate 


4) dermal crests 


plianktophages to feed on fish and ichthyophages to consume plankton crus- 
taceans. 


F. Origin and Development of Baleen Plates 


The unique structure of the baleen system of cetaceans has drawn 
the attention of many investigators to the developmental distinctions of 
this system during the embryonic period. The general distinctions of 
development of the baleen system are rather well known as a result of a 
series of works (Eschricht, Reinhardt, 1866; Tullberg, 1883; Ruud, 1940; 
Slijper, 1958a; Oshumi, 1964; van Utrecht, 1965). The material we examined 
{a series of eight embryos of B. physalus of different ages and one embryo 
each of B. borealis and Megaptera novaeangliae) corroborate completely the 
previously described distinctions of development of the baleen system and, 
what we believe particularly important, this enables us to compare the develop- 
ment of the baleen and tooth system of Mysticeti. In the light of all these 
data, development of the baleen system can be described rather completely 
(Figures 54, 55). 


In the course of embryonic development, lingually from the main part 
of the epidermal pad, more and more new rows of epidermal papillae are formed 
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Figure 56. Teeth of embryos of Mysticeti (A) and Odontoceti (B) at 
approximately the same stages of development (about 3-3.5 
months). Photography by T.V. Andreyeva 


that subsequently merge with the epidermal ridges into a single plate. 
This process probably takes place throughout a specimen's life, so that 
the baleen should also grow in width. 


This suggests the assumption that the origin of several rows of epi- 
dermal papillae, which subsequently merge into a single plate, could reflect 
some former definitive structures of the baleen system. Perhaps, in the 
closest ancestors of contemporary baleen whales the baleen system was not 
represented by plates but by a "fine-toothed comb" or "bristle" of cornified 
tubes joined into more or less large conglomerates. This assumption is 
indirectly confirmed as well by the presence of numerous separate "bristles" 
in the forming baleens of young specimens and the numerous columns’ that 
persist throughout life and consist of horny layer tubes in the most anterior 
and most posterior parts of the row of baleens. 


III. Development of the Tooth System of Mysticeti and Odontoceti 





It is known that at certain stages of embryogenesis teeth are demon- 
strable in baleen whales (up to 70 on each side of the maxilla and mandible), 
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Figure 57. 


ers Graph of rate of development of 
tooth buds in baleen (2) and toothed 
(1) whales. Drawing by T.V. Andreyeva 


Developmental stage 





Nl 
1 2 34 5 6 7 86 9 DH 
Age, months 


which subsequently disappear and are not functional in the adult specimen 
(Cuvier, 1836; Knox, 1838; Eschricht, 1849, and many others). However, only 
W. Kukenthal (1893) began a systematic study of tooth development in baleen 
whales. All these data were recently integrated and analyzed from a contem- 
porary position, and on the basis of extensive original factual material, 

by K. Karlsen (1962). 


The first tooth buds appear in baleen whales at very early stages of 
embryonic development, when the embryo is only 2 cm long (2-3 weeks old). 
There is intensive development of the teeth for the next 2-3 months of 
embryonic life. The tooth buds increase markedly in size, odontoblasts and 
ameloblasts are differentiated in them, there is development of typical 
dentin (the "cap" stage) and enamel (however, neither we nor other investi- 
gators observed development of enamel in the teeth of baleen whales). 


Baleen whale teeth reach maximum development by the end of the 3rd 
month of embryonic development (Figure 56). After this, rapid resorption 
processes begin, and teeth that have already reached visible development 
are totally resorbed. Total reduction of the teeth is completed approxi- 
mately by the 6th month (i.e., in the middle) of prenatal life in the best 
studied species of Balaenopteridae. 


Development of the dental system of toothed whales was also investi- 
gated in many works (Turner, 1867-1892; Kukenthal, 1891-1893; Beddard, 1900; 
Lonnberg, 1911b; Tryuber, 1939, and others). The details of tooth develop- 
ment do not differ from those characterizing typical mammals. At the same 
time, it is of extreme interest to compare the rate of development of the 
tooth system in baleen and toothed whales: the developmental stages occur 
visibly later in Odontoceti than in Mysticeti; accordingly, the teeth develop 
at a faster rate in baleen whales (Figure 57). Of course, such rapid develop- 
ment only continues up to a certain time. 


If we compare the development of the tooth system in baleen and toothed 
whales, we could conclude that the primordia of the teeth appear sooner in 
baleen whales. At this time, the embryos of toothed whales lag in develop- 
ment of their dental system by about half a month, as compared to baleen 
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whales. In subsequent development, the tooth of baleen whales develops 
at an even faster rate and at 3 months reaches the same stage of development 
as in the toothed whale embryo at 4-4.5 months of age. Thereafter resorp- 
tion of the teeth begins in baleen whales (first minimally noticeable, but 
markedly progressing from the 4th month on). 


The data on development of the dental system of Mysticeti furnish 
comparative embryological evidence of the fact that the teeth were fully 
developed in the ancestors of baleen whales, at any rate not worse than in 
contemporary Odontoceti. These same data warrant the assumption that prior 
to reduction of the tooth system, the ancestors of baleen whales had ele- 
mentary, peg-like teeth similar to those of contemporary toothed whales. 


With reference to the question of origin of baleen plates, it is 
interesting to recall the old indication of G.S. Miller (1929) of the outward 
resemblance of the cornified parts of the palatine epithelium and gums of 
the Phocoenoides dalli specimen he examined and the ridges that develop in 
the early stages of development of baleen whales. 


The data pertaining to differences in rate of formation of the dental 
system in embryogenesis of baleen and toothed whales logicaily raises the 
question of the causes of such differences. It is quite probable that we 
are faced with a good example of shifting to an increasingly early stage of 
development of the resorbing organ, one of the manifestations of hetero- 
chronia. Such a shift in origin and development of organs has been described 
with reference to many structures of a number of vertebrates (for more 
details, see Beer, 1930; Severtsov, 1949). 


IV. Conclusion 


To the known differences in structure of the oral system of toothed 
and baleen whales (development in teeth in the former and a distinctive 
baleen apparatus with strainer construction in the latter), another differ- 
ence has been added in recent times with reference to rate of establishment 
of the primordium and development of the dental system during embryogenesis. 
A particularly interesting fact is that there is earlier appearance and 
faster development (at the early stages) of the dental system of baleen 
whales as compared to rhe distinctions of toothed whales. Are these embryol- 
ogical distinctions indicative of a more profound difference between contem- 
porary suborders of cetaceans, or do they reflect some general patterns of 
reduction of the organs of this system that have become unnecessary? This 
question remains completely open. 


On the whole, both baleen and toothed whales have highly specialized 
systems of organs in the mouth that enable them to be rather free in the 
choice of food, in spite of their deep specialization. This can be particu- 
larly well seen in baleen whales: the blue whale, which is an obligate plank- 
ton consumer, has morphological adaptations to feed on fish (that travel in 
schools) and squid. 
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Chapter 5 


THE DIGESTIVE SYSTEM 


The digestive system of mammals is one of the most accessible for 
conclusive functional interpretation. Its structure in cetaceans has deep 
features of similarity to that of other mammals, but, at the same time, it 
demonstrates some important and profound differences that are typical to 
different extents for various representatives of the order of Cetacea. 


I. The Mouth 


The buccal cavity is limited on the side of the maxilla by firm 
integumental folds without their own musculature and covered with a multi- 
layered cornified epithelium. Thus, it may be stated that cetaceans do not 
have the typical lips characterizing mammals, nor do they have cheeks. How- 
ever, from the anatomical point of view, these firm skin folds are lips that 
determine the boundaries of the buccal cavity. Such folds do not develop on 
the mandible in any of the contemporary species of toothed whales: as a rule, 
the round, smooth margin of the jaw fits firmly into the corresponding inden- 
tation of the maxilla. , 


The vestibule of the mouth is relatively small in cetaceans. Anter- 
iorly, it may have disappeared entirely in those cases when the teeth come 
right up to the lips, as for example in beluga. 


In view of the fact the lower jaw of baleen whales is usually some- 
what wider and longer, the marginal skin folds of the oral cavity seem to 
envelop the upper jaw. Thus, it may be stated that while in toothed whales 
there is development of a superior immobile lip, in baleen whales this 
applies rather to the lower lip, although the concept of “lips” with refer- 
ence to these structures is rather difficult to apply to baleen whales. 


We have already described the arrangement of teeth in the jaws of 
toothed whales, and we have noted development of firmly uniting jaws that 
is typical for all mammals. Such firm clamping of the jaws is not typical 
for baleen whales, in which the tooth system is functionally replaced by the 
baleen system. The shape and arrangement of these plates is such that when 
the mouth is closed they form a container for the strongly developed tongue 
(Figure 58). 
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Figure 58. Cross section (transverse) of mouth in the middle of a 
row of baleen (Nemoto, 1959). Balaenida on the left, 
Balenopteridae on the right 





Figure 59. Overall view (A) of the perilingual region of the mouth of 
Physeter macrocephalus and excretory ducts of the sublingual 
gland (B). Photography by A.V. Yablokov 


In both toothed and baleen whales, the entire surface of the cavity 
of the mouth is covered with a thick multi-layer epithelium gathered in folds 
of different size and shape. Most of the surface of the buccal cavity does 
not have any glands. Accumulationsof small mucous and serous glands are 
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Figure 60. Overall view of the tongue of Phocoena phocoena from the top. 
We see the plicate floor of the roof, plicate epithelium 
at the start of the pharynx, several recesses at the base 
of the tongue (which are lined with sensory epithelium), 
minute ducts of mucous and serous glands opening at the 
tongue's surface. Photography by A.V. Yablokov. 


encountered in the posterior part of the mouth, on its boundary with the 
pharynx, whereas in baleen whales there is also development of sublingual 
salivary glands. They demonstrate large (along the midline of the floor of 
the mouth) openings under the tongue (Figure 59). Unfortunately, there are 
no exact data about the function of these glands; anatomic studies have shown 
that in most cases the frequently branching ducts of these glands are 

blind passages (we have examined B. physalus, B. borealis, B. musculus, 

B. acutorostrata, Megaptera novaeangliae, Eubalaena glacialis). 


Some authors, A. Makalister and G. Kheddi' [?] for rorquals, 
J. Anderson for Platanista, and J. Murie for Grampus and Lagenorhynchus 
(quoted by Bourdelle, Grasse, 1955), discovered excretory ducts of "parotid" 
salivary glands in the oral cavity of cetaceans; R. Owen (quoted by Bolk et 
al., 1936) and M. Watson and A. Young (1880) found excretory ducts of the 
sublingual gland in beluga. In the same species (Delphinapterus leucas), 
we found short, blind ducts under the tongue (most likely unrelated to 
functional glands). According to their location in the region of the 
frenulum, in the anterior part of the mouth, these ducts could by no means 
be referable to either the sublingual or parotid glands. In all the cachalots 
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Musculature of the buccal cavity of Delphinapterus leucas 





Figure 61. 
igen: (Kleynenberg et al., 1964) 
ghy) m. geniohyoideus sgl) m. styloglossus 
ggi) m. genioglossus hy) m. hyoideus 
gl) m. hyoglossus hyph) hyopharyngeus 
Figure 62. Surface of the root of the tongue of Delphinapterus leucas 


with large sensory foveolae between numerous ducts of 
small mucous and serous glands. Photography by A.V. Yablokov 
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Figure 63. 

Diagram of ejection of water from the 
mouth of a baleen whale 
Legend: 

1) tongue 

2) baleen plate 

3) branch of mandible 

4) maxilla 





we examined, we also found excretory ducts of the sublingual gland in the 

same part of the mouth (at the base of the tongue; see Figure 59). The 

shape of these ducts varies, occasionally there are two, in another instance 
three or four, but they are present in all of the several dozen sperm whale 
examined without exception. It should be noted that by virtue of the con- 
tinual flushing of the mouth with water, particularly the areas where these 
excretory ducts are located, one could hardly believe that the secretions 

of such glands are significant to digestion (which is typical for the sali- 

vary glands of terrestrial mammals). It is more than likely that such 

secretion should have significance as a scent (for more details, see Chapter 11). 


The hard palate of cetaceans, as of other mammals, is covered with 
smooth (usually cornified) epithelium. However, in some species the surface 
of the hard palate is irregular and even rough because of fine folds (for 
example, in Physeter macrocephalus, Grampus griseus). Perhaps such structure 
of the palate is functionally related to feeding on cuttlefish. 


II. The Tongue 


The structure and general morphology of the tongue differs consider- 
ably in representatives of the two contemporary suborders of Cetacea. In 
toothed whales, the tongue is relatively small, firm, muscular, and it always 
presents a specific form (Figure 60). The body of the tongue consists of 
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connective tissue and musculature with layers of fatty tissue. Muscles 
occupy the major part of the tongue. With reference to the lingual muscula- 
ture of toothed whales, we can distinguish three main groups of muscles: 

the superficial layer consisting of the genioglossus muscle (Figure 61), 

a second layer including the glossial muscle proper, and finally the third 
layer, which consists of several smaller muscles going to the root of the 
tongue from the cornua of the hyoid bone. All this musculature provides 

for considerable mobility of the tongue of toothed whales, in spite of the 
thick layer of connective tissue covering its surface. 


The surface of the tongue is usually smooth; the entire tongue is 
covered with multilayered epithelium of the dermal type. Unlike the epithe- 
lium at the floor of the mouth, the general thickness of the epithelial 
layer on the tongue is greater and the cornification is much more marked; 
there is a minimally marked granular layer. 


On the dorsum of the tongue of toothed whales, there are shallow 
folds directed from the periphery to the center, to a deeper central fold. 
Here, as on the surface of the root of the tongue, numerous small gland 
ducts open, and their secretory segments may be either mucous or serous. 
Deep folds begin at the root of the tongue, which thenmove to the pharynx. 
Numerous ducts of mixed mucous and serous glands open on the surface of the 
folds and between them. 


There are small fossae or recesses (Figure 62) on the surface of the 
beluga’s tongue root. The location of these fossae is very constant, at an 
angle whose apex is directed inward toward the pharynx. The number of such 
fossae is also constant: at least three and no more than five, and more 
often five. Similar depressions are demonstrable on the tongue of the sperm 
whale, Berardius, and porpoise (see Figures 60-62), and they are probably 
typical for all toothed cetaceans. The functional significance of these 
structures is still undetermined, although there is reason to assume that 
these depressions on the surface of the root of the tongue act as chemo- 
reception organs (see Chapter 11). 


Although the tongue of toothed whales is very mobile as a whole, 
some parts of it are considerably less mobile, as compared to the tongue 
of terrestrial mammals. This is attributable to the strong development of 
connective tissue between the muscle bundles of the tongue on the one hand, 
and the solid epithelial covering, which is distinct from other mammals, 
on the other hand. 


The tongue of most baleen whales is arranged and functions differ- 
ently. First of all, it differs from the tongue of toothed whales in that 
there is no constant form. When contracted, the tongue fills the entire 
mouth, rising to the palate and adhering to the suspended "brush" of baleen 
plates (Figure 63). By this movement, the tongue ejects water from the 
mouth (the size of the buccal cavity of baleen whales is absolutely and 
relatively many times larger than that of toothed whales); the plankton and 
fine fish suspended in water remain in the mouth and cannot escape through 
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the dense fringe and closely arranged baleen plates. The layers of subcu- 
taneous musculature, m. panniculus carnosus, play an enormous part in move- 
ment of the tongue and the entire floor of the mouth; they are exceptionally 
developed in all rorquals between the branches of the lower jaw. The top- 
most layer is represented by muscle bundles that are arranged in the shape 
of a "fir tree’ with the apex directed forward. Under them is the middle 
longitudinal layer, and deeper a third layer whose fibers also follow the 
pattern of a fir tree but are directed in the opposite direction from the 
external layer of fibers. When this musculature contracts, the floor of 

the mouth can influence significantly movement of the tongue. 


In right whales, the structure of the tongue is somewhat different 
from that described above for rorquals; the tongue of right whales is harder, 
it is covered with a firm, shiny epithelium cornified on the surface, which 
remotely resembles that of toothed whales. 


The surface of the tongue of baleen whales, like that of toothed 
whales, is covered with flat cornified epithelium of the dermal type. How- 
ever, as we have noted above, the presence of friable connective tissue in 
the subepidermal layer determines considerable softness and mobility even 
of the top layer of the tongue. On the surface of the root of the tongue 
of baleen whales, there are excretory ducts of the mucous and serous glands 
described above for toothed whales. There are very many in this part of 
the mouth, and their openings are 0.5-1.0 mm in diameter. 


Thus, in cetaceans, the mouth as the anterior segment of the diges- 
tive tract bears diverse functions. In toothed whales, their prey is cap- 
tured, killed, and retained by the teeth and firm lips. The orientation of 
large prey and the start of propelling it into the pharynx occur through 
diverse movements of the tongue, and the firm walls of the mouth, which are 
attached to a well-developed multilayer epithelium with a system of tono- 
fibrils, are not in danger of injury. In the aboral part of the mouth of 
these whales, the propelled food begins to be enveloped in the secretions 
of the mucous and serous glands, which facilitates further propulsion. In 
baleen whales, the food mass formed by movements of the tongue is also 
propelled to the start of the pharynx. As a result of its significant mobil- 
ity (the clump of food consists of numerous fine organisms), it can rapidly 
change in shape in accordance with the pressure of the surrounding parts of 
the buccal cavity. The walls of the mouth of baleen whales, as is the case 
in toothed whales, are adequately supported by sqamous epithelium and are 
not in danger of erosion. 


Ill. The Pharynx 


From the bottom of the pharynx, where the entrance to the larynx is 
located in terrestrial animals, toothed whales show elevation of two arytenoid 
cartilages and the epiglottis, forming a firm cartilaginous tube that blocks 
the pharyngeal cavity transversely in its central part (Figure 64). In the 
superior part of the pharynx, this laryngeal (arytenoid-epiglottidean) tube 
enters the odd internal nasal orifice and is held here by a strictor muscle. 
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Figure 64. Diagram of function of the laryngeopharyngeal system of 
cetaceans and terrestrial mammals (according to Kleynen- 
berg et al., 1964, with additions). Arrows point to 
route of air and food 


Legend: 
1) Equus 2) Odontoceti 3) Mysticeti 


The thickened superior parts of the cartilages making up this tube are located 
in a special dilatation of the muscular ring and firmly enveloped by it. This 
prevents escape of the laryngeal tube from the nasal canal (see Chapter 6). 


The pharyngeal structure is quite different in baleen whales. In 
these animals it resembles more the pharynx of terrestrial mammals, since 
the larynx remains in the position that is typical for mammals below the 
pharyngeal cavity, and food passes above it upon swallowing. At inspiration 
and expiration, a strongly developed cloak-shaped epiglottis opens, and 
the bottom of the pharynx rises to the choanae (Figure 65). In baleen whales 
the pharyngeopalatine sphincter typical for toothed whales is absent. 


The anterior part of the pharynx of toothed whales, from the root of 
the tongue to the base of the laryngeal tube, is covered with numerous deep 
folds that straighten out. The glands located here, along with the glands 
on the surface on the root of the tongue, the aboral part of the palate and 
cheeks, form an area that could be called the "glandular ring." The secre- 
tions of mucous and serous glands and the purely mucous glands of this ring 
fall on the propelled food, envelop it with mucus, and this provides for 
further swallowing. 


The development of this ring varies in different species. Of the 
species we examined, the fewest glands are present in Physeter macrocephalus 
(in which the epithelial folds in the pharynx, and especially at the start of 
the esophagus, are relatively very coarse and do not straighten out, are 
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Figure 65. Overall view of tongue, pharynx, beginning of esophagus, 
and larynx of Kogia breviceps (Kernan, Schulte, 1918) 


Legend: 
1) tongue 4) cavity of choanae 
2) region of pharyngeal glandular ring 5) pharyngolaryngeal sphincter 
3) esophagus 6) laryngeal tube 


covered with a thick, up to 2-3 em, layer of cornified epithelium), and the 
largest number of glands is present in Ziphius cavirostris. 


An interesting distinction in the structure of the pharynx of beaked 
whales (we examined Berardius bairdi, Ziphius cavirostris) is the sharp 
boundary between the glandular soft epithelium of the pharynx and the flat 
multilayer epithelium of the cavity of the mouth: this boundary passes along 
the base of the tongue. On the other side of the pharynx, there is a similar 
sharp boundary before the esophagus, immediately beyond the laryngeal tubes. 


In baleen whales, and particularly the finwhales, blue whales, sei 
whales, and least rorquals we examined on the Karelian Islands, the ducts 
of the mucous and serous glands open at the start of the pharynx and on the 
sides of the larynx, as in toothed whales. While at the start of the pharynx 
and at the root of the tongue the glandular ducts are small, no more than 
1.0 mm in diameter, here, in the middle of the pharynx, somewhat larger ducts 
open, up to 20-30 mm in diameter. 


The musculature of the pharynx and adjacent parts of the digestive 
system have long since interested investigators. The structure of the pharynx 
in representatives of different families of Odontoceti that have been investi- 
gated allows us to establish the existence of a standard plan of structure of 
this organ in all toothed whales (Kernan, Schulte, 1918; Watson, Young, 1880; 
Anderson, 1878; Benham, 1901; Rawitz, 1900; Kleynenberg, 1956b; Yablokov, 
1958a, Malyshev, 1969, and others). 


The pharyngeal musculature consists of the pharyngeal muscles proper 
and muscles that connect the pharynx to adjacent organs (Figure 66). 


The microscopic structure of the pharyngeal walls differs somewhat 
from the structure of the walls of the mouth, although the general nature 
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Figure 66. 
Superficial musculature of the pharynx and 
esophagus of Delphinapterus leucas, lateral 
view (Kleynenberg et al., 1964) 
Legend: hyth) m. hyothyroideus 
sph) sph. palatopharyngeus 
stph) m. stylopharyngeus 
erph) m. cricopharyngeus 
th) m. thyroideus 
oe) esophagus 





of the epithelium (multilayer, squamoug dermaltype) remains the same through- 
out the pharynx. 


The central part of the pharynx is characterized by a lesser number 
of mucous and serous glands and some enlargement thereof. In the submucosal 
floor of the pharynx, lateral to the laryngeal tube, some species of toothed 
whales demonstrate two large glands equipped with wide excretory ducts. 
Unfortunately, the microscopic structure of these elements has not yet been 
studied in detail. 


In the posterior (esophageal) part of the pharynx, there is a differ- 
ent structure of epithelium: appearance of avery visible cornified layer. In 
this part of the pharynx, there are no glands. Small longitudinal folds, 
which apparently do not straighten out, cover the surface of this part of 
the pharynx. That these folds do not straighten, or at any rate that they 
are not subjected as much to the mechanical action of passing food, is indi- 
cated by the usual absence of a cornified layer on the bottom of the folds 
(Yablokov, 1958a}. Let us recall that similar development of a cornified 
layer is observed on the surface of the folds on the floor of the mouth. 


The structure of the walls and arrangement of muscles enables us to 
conceive of the function of this part of the digestive tract of toothed whales. 
Through actions of the tongue, the prey can be propelled to the end of the 
buccal cavity and beginning of the pharynx. Here the constrictor [ring] 
muscle goes into action. By means of successive contractions of different 
parts thereof, it propels the lump of food into the middle part of the phar- 
ynx directly toward the laryngeal tube, blocking the pharynx transversely. 


The laryngeal tube is in the top position all the time and descends 
to the floor of the pharynx; it cannot escape the area of action of the 
pharyngeal palatine sphincter (Baer, 1826, and many others). 


It is interesting to note that in the species of toothed whales that 
are characterized by deepest and longest diving, the entire structure holding 


the arytenoid~laryngeal tube across the pharynx is particularly well developed. 


Numerous deep folds in the middle of the wall of the floor of the 
pharynx enable this area to increase considerably in volume. Such an increase 
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Figure 67. Longitudinal section of the stomach of Tursiops truncatus 
(Bolk, 1936) 


Legend: 
1) esophagus 4) duodenum 
2) first division of stomach 5) bile and pancreatic duct 


3) second division of stomach 


is impossible at the start of the pharynx because of the well-developed mus- 
cles that restrict stretching of the pharyngeal walls. In the middle section 
of the pharynx, however, there are no obstacles to considerable stretching of 
the walls. The walls of the pharynx stretch readily under the influence of 
the propelled food, and a space is formed to either side of the laryngeal 
tube that is sufficient to allow food to pass. The folds that straighten 

out are located on the lateral walls of the pharynx, while those at the 

floor of the pharynx open to a lesser extent. In the areas that are subject 
to the most dilatation, there is also the largest number of excretory gland 
ducts. 


There is an interesting structural distinction of the pharynx of sperm 
whales. It was found (Lillie, 1910; Pouchet, Beauregard, 1885; Kernan, Schulte, 
1918; Slijper, 1962; Malyshev, 1969) that in both pygmy and true sperm whales 
_ the laryngeal tube is shifted slightly to the right. As a result, the cavity 
of the pharynx widens, and all food passes to the left of the cartilaginous 
tube. Perhaps an analogous situation is typical for some other species of 
toothed whales. 
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Figure 68. Diagram of stomach structure in some cetacean species 
(according to Jungklaus, 1898, with additions) 


Legend: 
1) Hyperoodon 6) Delphinapterus 
2) B. physalus 7) Lagenorhynchus 
3) hypothetical structure of stomach 0) esophagus 
in ancestors of contemporary P) pylorus 
beaked whales D) duodenum 
4) Phocoena The gastric fundus is hashmarked 


5) Globicephala 


IV. The Esophagus 


The esophagus of cetaceans consists of a long, thick-walled tube. Its 
length depends on the size of the animal, constituting approximately one- 
quarter of the total body length in toothed whales. 


It is difficult to draw the anterior boundary of the esophagus, since 
the aboral part of the pharynx usually changes into the esophagus without a 
change in type of epithelium (the beaked whales are an exception, see below). 
The posterior boundary of the esophagus can be traced rather precisely by 
its entry into the stomach and by the change in nature and direction of the 
epithelial folds. 


The ostium of the esophagus usually begins close to the boundary between 
the first and second segments of the stomach in all cetacean species. The 
structure of the esophageal walls is similar to the structure of the epithe- 
lium in the first part of the stomach (Kleynenberg et al, 1964; Harrison et 
al., 1970). 
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V. The Stomach 


All cetaceans are characterized by a complex stomach with multiple 
divisions (Hunter, 1787; Breschet, 1836, and many others). The first division 
of the stomach, like the esophagus, is lined with stratified and usually kerati- 
nous epithelium gathered in large rugae. The nature of the folds (not only 
of this but also other divisions) is usually a typical sign of different 
families of cetaceans (Cleland, 1884, and others). The second and subse- 
quent segments of the stomach are always lined with true glandular epithelium 
(Figure 67). The stomach is separated from the duodenum by the pyloric sphinc- 
ter. The only known exception is the structure of the stomach in beaked 
whales, where the first division of the stomach presents glandular structure 
that is typical for the second division of the other cetaceans (Jungklaus, 
1898). M. Weber (1904) voiced the assumption that in these cetaceans there 
is absolutely no development of the first esophageal division of the stomach. 


The total number of gastric divisions ranges from three to 13 in 
different cetacean species (Figure 68); there are three divisions of the 
stomach in all baleen whales. The epithelium lining the first division of 
the cetacean stomach (with the exception of beaked whales) is stratified, 
superficially keratinous, aglandular, of the dermal type. However, it is 
quite distinct from the epithelium of the anterior portions of the digestive 
tract (Kleynenberg et al., 1964; Yablokov, 1958a; Harrison et al., 1970). 


The second division of the stomach of all cetaceans is glandular. 
Most of it is covered with short, irregularly intertwined, thick rugae 
separated by deep recesses. The stratified cornified epithelium of the first 
segment borders on (without transition) a well-developed glandular epithelium 
that lines the surface of the second division. 


The surface of the second division of the stomach is usually covered 
with a thick layer of mucus. This mucus is produced by the cells of the 
single-layered epithelium that covers the entire surface of the second divi- 
sion. 


The entire thickness of the mucosa of the second division is occupied 
by densely arranged glands that open into elongated deep gastric pits (Bolk 
et al., 1936; Sergiyenko, 1965, and others). Evidently these glands corres- 
pond to the fundic gastric glands of other mammals and are characterized by 
the presence of three types of cells: sheath, parietal, and supplementary 
cells. 


The first division of the stomach of cetaceans serves chiefly for 
mechanical processing of food (with the exception of beaked whales). However, 
mechanical processing of food would not be so effective if secretions from 
the glands of the second division of the stomach were not involved in this 
process. Such penetration of gastric juice has been proved with respect to 
some ungulate animals and is quite possible in cetaceans. 


Direct sighting in the whaling industry, dissection of animals right 
after they were killed reveal that usually the first part of the stomach is 
about one-quarter to one-third full of liquid. 
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We know of no reliable cases of finding otoliths in the last divisions 
of the stomach (Fitch, Brownell, 1968); there are also rare findings of bones 
in the glandular divisions of the stomach. 


Thus, the coarse parts of food that could injure the delicate glandular 
epithelium do not penetrate into the second division of the stomach. Conse- 
quently, food must be processed quite thoroughly in the first division. 


The topographic arrangement of the first and second divisions of the 
stomach also suggests that only liquid or semi~liquid masses can be exchanged 
between them (penetration of digestive juice from the second division to the 
first and of chyme from the first to the second). 


In the second division of the stomach, there are fundic glands that 
produce gastric juice. The columnar epithelium that covers it secretes much 
mucus, which protects the mucosa from possible injury. 


The next divisions of the stomach constitute a sort of transition from 
the true stomach to the intestine with reference to structure of the mucosa; 
the presence of follicles and cuticle on the surface, the simple tubular 
glands without parietal and sheath cells -- all resembles the structure of 
the small intestine of terrestrial mammals. No doubt, absorption processes 
take place in these segments. 


It is interesting to note that at the start of the cetacean stomach 
there is no cardiac sphincter that prevents regurgitation of food into the 
esophagus in many mammals. Apparently, it is easy for whales to regurgitate 
food residues from the stomach. Direct observations in the field and in 
captivity confirm the fact that a frightened animal can regurgitate food 
(Harrison et al., 1970). 


The frequent finding of half-digested and undigested food, bones, 
and otoliths at the top of the esophagus, pharynx, and mouth of killed ani- 
mals confirms this conclusion. 


VI. The Intestine 


In this section, in our opinion, data on the length of the intestine 
of different cetaceans, structure of the duodenum, small and large intestine 
of baleen and toothed whales merit special consideration. First, it should 
be noted, there are virtually no data on the arrangement of intestingal loops 
on the mesentery of different species or about the structure of the peritoneum 
(Figure 69). 


A. Length of Intestine 


The overall length of the intestine varies widely both in different 
cetacean species (Table 14) and within each species. 


Furthermore, as it has already been repeatedly noted by different 
investigators, the measurement of the intestine could vary widely depending 
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Figure 69. Peritoneum-covered intestine of Balaenoptera physalus. 
Paramushir Island. Photography by A.V. Yablokov 


on the time that has elapsed since the animal's death. Probably this is 
related to the fact that there is total relaxation of the intestinal muscu- 
lature of an animal that has been dead for a long time. With reference to 
man, we know of 2-2.5-fold increase in length of the intestine of a cadaver, 
as compared to the data obtained for the living organism (Slijper, 1962). 
However, such a change in length of the intestine after death should probably 
not be significant when comparing data on different cetacean species obtained 


under similar conditions. 


For example, the length of the intestine of the adult male beluga was 
6.7, 8.0, and 8.1 times longer than the overall body length, whereas it was 
8.9, 11.9, and 10.3 times longer in relation to the length of the body cavity 
(from the tip of the nose to the anus). 


On the whole, we see that baleen whales constitute a more uniform 
group with regard to relative length of the intestine, as compared to the 
toothed whales examined. 


Let us consider the structure of the intestine section by section. 
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Table 14. Comparative length of intestine in different cetaceans* 



















Genus, species besa . 
Pon, BA oy Tipymeqaave Comments 
lTength 
Platanista gangetica | 7,3 Slijper, 1962 
Sotalia guianensis ~4,0- Carvalho, 1963 
Tursiops truncatus 44,4-15,8 Kleynenberg, 1956a 
8,2 Slijper, 1962 
Phocoena 12,2—18,8 Kleynenberg,1956a; Crisp, 1864; Rest et 
22,0 Slijper, 1962 ai.,1959 
Delphinus delphis 10,4—12,5 Kleynenberg,1956a; Slijper, 1962 
6,5 Jackson, 1845 —~ 1847 
Globice phala 8,0 Tor «xe Same 
Neophocaena 6,5 Howell, 1927 
Phoccenoides 8,0—10,0 Norris, Prescott, 196t 
Orcinus 8,2 Shijper, 1962 
Lagenorhynchus sp. 14,0 Tor xe Same 
Monodon 44,0 - 
Delphinapterus 6,1—9,4 Yablokov, 1956a 
y 10,0 Slijper, 1962 
Physeter 42,6-17,5 | Sleptsov,1955a; Yablokov, 1958a 
. 15,4 120-cm embryo) a 
» 12,4 412-cm embryo) ° ane 
A 24,9 16.8-meter male, Slijper, 1962 
> 16,25 5l2-cm neonate; Kackson 1845-1847;Slijper, 
Berw dius baird 6,0—9,5 | Sleptsov,1955a,1962; our data i 
Hyserocdon sp. / 5,5 Slijper, 1952 
B, musculus 6 ,3—7,4 Betesheva,1965; 177-cm embryo 
B. physalus 7,0—8,6 Betesheva, 1965 
; 15,4 118-cm embryo; our data 
7 4,0 Slijper, 1962 
B. borealis 6,1—8,5 Betesheva, 1965 
» 7,0 2.97-cm embryo; our data 
B. aeutorostrata 4,2—5,6 Knox, 1838; Norris, Prescott, 1961; 
Megaptera 5,5—-6,9 Betesheva, 1965; Slijper, 1962 
Eubalaena 5,5—8,4 Omura et al., 1969 


x 41,3—13,4 Co6cTRenHbre fanEpe Our data 


*When comparing these data to those on other mammals, it should be borne in 
mind that in terrestrial mammals the body length is measured to the anus 
and in whales to the notch in the flukes (to the end of the tail). There- 
fore, the data in this table for cetaceans are somewhat underestimated, as 


compared to analogous data for other mammals. 


B. The Duodenum 


In most cetacean species, the duodenum forms a rather large ampulla 
(up to 1 meter long in the sperm and blue whales). Unlike the relatively 
smooth epithelial lining of the last divisions of the stomach, the surface 
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of the duodenum is usually covered with nondistendable folds varying in size 
and shape. Approximately in the middle of the duodenum there is the common 
bile and pancreatic duct opening at the apex of a small papilla. 


We know that all cetaceans are lacking a gall bladder, and bile secreted 
by the liver drains directly into the intestine. In recent works (see the 
survey by Kamiya, 1962), a more comprehensive study was made of the structure 
of the common bile-pancreatic duct of cetaceans, and there was corroboration 
of formerly scattered data as to the existence of a relatively large cisterna 
(hepatopancreatic ampulla) formed by the bile-pancreatic duct directly at its 
opening into the intestine (Cleland, 1884; Jungklaus, 1898; Chi, 1926, and 
others). The comprehensive work by T. Kamiya (1962) also showed that it is 
more correct to consider this dilatation as an independent glandular element 
(intramural cystic gland) with thus far unknown function, rather than merely 
a dilatation of the duct related solely to storage of glandular secretions. 
This conclusion is based on the presence in the walls of the ampulla of a 
large quantity of actively secreting glandular tissue of the tubular- 
alveolar type. 


The location of this structure in different cetaceans is interesting. 
As shown by the data of T. Kamiya (1962), there are differences in location 
of the gland in relation to the submucosal musculature of the intestinal 
wall in different cetacean species. In the baleen whales studied (Figure 70), 
the glandular cisterna is located inward from the muscular wall of the 
intestine (actually in the cavity of the duodenum) and does not have its own 
musculature. In all toothed whales (with the exception of the sperm whale), 
the glandular cisterna has its own musculature, and it does not lie in the 
intestinal submucosa, rather between the muscle layers of its walls. These 
data have also been corroborated by our findings on the structure of the 
duodenum in Delphinapterus. 


The musosa of the duodenum consists of prismatic epithelium that 
lines the surface of numerous intestinal glandulae. These crypts are usually 
filled with secretion passing through ducts from the duodenal glandulae, 
which obtain remarkable development in the beluga (and probably all other 
toothed whales). Brunner's glands are developed only in the duodenum and 
are not encountered further in the intestine. The structural distinction 
of the duodenal mucosa of small toothed cetaceans (we do not yet have such 
data on large whales) is also the presence of muscular elements in the 
mucosal folds and relatively poor development of the submucosa. 


Thus far, we do not have data to compare the structure of the duodenum 
in different groups of baleen and toothed whales. We know, for example, that 
in Ziphius cavirostris, there is prominent development (as compared to other 
whales) of the muscular tunic of this part of the intestine (due to circular 
muscle fibers), whereas the walls of the enormous duodenum of the blue 
whale, up to 1 meter in length, are very thin. 


C. Structure of Small and Large Intestine 


The basic difference between the intestine of baleen and toothed whales 
is that there is a cecum in baleen whales and none in all toothed whales 
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Figure 70. Diagram of segment of duodenumof Balaenoptera physalus (A), 
Physeter (B), and Lagenorhynchus (C) in the region of 


Legend: entry of the bile-pancreatic duct (Kamiya, 1972) 


1) pancreatic ducts 2) bile duct 


(there are data indicating the presence of a cecum in Inia geoffrensis, on 
the one hand, and absence thereof in Eubalaena* on the other hand). Since 
there is no cecum, it is quite difficult to differentiate the intestine into 
large and small portions in toothed whales. 


The diameter of the small intestine of toothed whales diminishes gradu- 
ally in the direction away from the stomach, and visibly increases toward the 
other end. This segment could be considered the beginning of the large 
intestine. From this point on, there is also a change in structure of the 
muscular sheath of the intestine: it becomes less developed. The structure 
of the mucosa of the small intestine of toothed cetaceans differs in that 
there are goblet cells lining the intestinal glandulae and cuticles on the 
surface of the epithelium. The structure of the small intestine of toothed 
whales is characterized by numerous constrictions mainly due to strong 
development of the internal and circular’ muscle layer, and the external 
diameter of the intestine could be 50% smaller in the regions of such con- 
strictions. The thickness of the muscular layer of the intestine is not 
the same, not only over the length of the intestine, but also in the circum- 
ference: it is greatest in the region of the mesentery side of the intes- 


tinal tube. 


The mucosa of the parts of intestine referable to the colon differs 
in the somewhat smaller size of the intestinal glandulae, increased number 


*None of the nine right whales examined (Omura et al., 1969) presented a 
cecum, although the boundary between the colon and small intestine was very 


well marked in this species. 
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Table 15. Relative length of the large intestine of some whales (according 
to the data of Betesheva, 1965; Omura et al., 1969, and our own) 


Colon length, 

















Genus, species 
aoe 1 SP Lenoth, meters % total 
body intestine eRe Sane 
Physeter 11,4—14,0 151245 10,2—13,3 
Berardius bairdi 10,3 97,6 7,2 
B, musculus ad, 22,3 165 5,4 
To me, " embryo 4,77 11,2 12,6 
B. physalus ad. 14,7—418,9 1417-—142,8 4,2—6,7 
To me, " embryo 4,48 18,2 6,3 
B, borealis ag. 14,0—14,3 107 ,0—132,5 5,1—7,0 
To oxe, " embryo 2,44 45,0 3,0 
B. acutorostrata juv, 2,97 24,5 7,0 
3,24 17,1 9,6 
To xe, " enoryo 0,33 4,38 8,0 
Megaptera 11,5 79,4 8,2 
Eubalaena 42,6—17,10 85,9—104,0 4,4—7,0 





of goblet cells, and presence of pear-shaped dilatations of terminal segments 
in some crypts. In addition, the mucosa of the colon presents (more in some 
species and less in others) typical Peyer patches -- aggregates of lymphatic 
glands forming areas of glandular lymphatic tissue within the intestinal 
mucosa (Jackson, 1845-1847). In the parts of the intestine corresponding to 
the colon of other mammals, the mucosa again forms deep folds that inciden- 
tally no longer fill the entire intestine because it too is increased in 
diameter. 


The last segment of the intestine, the rectum, takes up to 5-10% of 
the total length of the intestine in toothed whales. Throughout the rectal 


mucosa, the above-described crypts and Peyer patches are encountered. At 
a distance of 10-15 cm from the anus in dolphins and 1 meter in the sperm 


whale and other large toothed whales, the mucosal epithelium presents a 
sharp demarcation with stratified squamous epithelium of the dermal type. 


In the walls of the rectum, there is a well-developed muscular sheath, 
and the anus, in addition, is equipped with a pronounced anal sphincter. 


The relative dimensions of different parts of the intestine of some 
cetaceans are submitted in Table 15. 


From the submitted data it is apparent that the entire large intes- 
tine of adult toothed whales occupies no more than 10% of the length of the 
intestine; thus, it is visibly shorter than in baleen whales. 

The rugosity of the mucosa varies in different Mysticeti species 


(Betesheva, 1965). In the blue whale, the mucosal folds are transversely 


-— 123 7 








Figure 71. Surface of the intestinal mucosa in Balaenoptera musculus. 
Paramushir Island. Photography by A.V. Yablokov. 


arranged throughout the small intestine; in the finwhale and sei whale, the 
folds are longitudinal here, and they are transverse in the colon; in the 
humpback the intestinal mucosa is gathered in folds that have a honeycomb 
appearance (Figure 71). 


The diameter of the entire intestine is very large in baleen whales, 
and this is particularly evident if we compare it to that of the sperm whale: 
the mean diameter of the small and large intestine of finwhales constitutes 
about 15-20 and 30-40 cm, respectively, whereas in a sperm whale of a similar 
length only 5 and 10 cm, respectively. The only exception is the structure 
of the rectum, which forms a tapered dilatation in its beginning and then 
narrows toward the anus in sperm whales; such a dilatation has not been seen 
in baleen whales. Several longitudinal and circular muscle layers can be 
well visualized in the finwhale rectum (Figure 72). 


The shape of the anal orifice may vary somewhat in different whale 
species, ranging from a circle to a fissure. Our observations revealed 
that in the Berardius and beaked whale (unlike all other species) the anal 
orifice is compressed horizontally. 
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Figure 72, Cross section of the rectum of Balaenoptera physalus. 
Longitudinal and circular muscle fibers are seen. 
Paramushir Island. Photography by A.V. Yablokov 


VII. The Pancreas 


The fine structure of most internal organs of cetaceans has been 
studied very superficially. This applies entirely to the pancreas as well. 


In baleen and toothed whales, the pancreas is firm, elongated, con- 
nected to the surface of the stomach and duodenum. It is connected to the 
intestine through a special duct. It is interesting to note that with 
regard to relative weight of the pancreas, the cetaceans do not differ from 
terrestrial mammals (Slijper, 1958b). The data available to us on the size 
- of the pancreas of beluga and the data of E. Slijper (1958b) on Phocoena 
corroborate well the earlier data with respect to enlargement of this gland 
as the animal grows older (Tables 16 and 17). 


These data are also indicative of the existence of very definite sexual 
dimorphism in development of the gland: it is larger in aduit females than 
males. 


Histologically the pancreas of cetaceans resembles that of other mammals. 


It contains typical secretory cells of two types (internal and external secre- 
tion) united into glandular Langerhans islets. 
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Table 16. Size of pancreas of some cetaceans (data on adult animals) 
ee SY 


Genus, species Pancreas Relative 
Poa, 812 weight, gram ae ae Asrop Author 
ae [eS Dr eS a 
Lagenorhynchus sp. — 0,0049 Shijp2r, 19584 
Orcinus 350 on Takaoka et al., 1953 
Phocoena phocoena 500 0,00142—0,0039 Slijper, 1958b 
Delphinarterus (camust) 400—650 0,0007—0 , 0008 Quay. 1957; Kleynenberg et al., 
Delphinapterus (camxm) 508-910 — Kleynenberg et al., 1965a 
Physeter 400014000 | 0,000i—-0,0004 | Onno, Fujino, 1952 
Berardius bairdi 5000 = Slijper, 1958 
B, physalus 20000-32000 | 0,0004—0,0308 | Ohno, Fulino,1952 
B, musculus 40000 0,0004 sO 
B. acutorostrata 5400 _ Takaoka et al., 1953 





a 





Table 17. Changes in absolute and relative weight of pancreas of Delphin- 
apterus and Phocoena as they grow older (according to Kleynenberg 
et al., 1965; Quay, 1957; Slijper, 1958a) 














Group of Mean weight, ; : 
specimens grams n Relative weight % 
Del phinapterus leucas Ph, phocoena 

Prenatal fetus, male 389 (28—55) 3 | _— — 
Young male 420 (150—830) 8 (0,0005—0,0010) y: 
Young female 260 (160—359) 2 0,0010 (0,0006—0,0018) 5 
Adult male 500 (400—650) 5 | 0,0023 (0,0912—0 0039) 5 
Adult female 726 = (508—910) 5 0,0021 (0,0012—0,0025} 6 


Note: The range is indicated in parentheses. 


Table 18. Composition of pancrease of some cetaceans (according to Jorpes, 








1950) 

fouaan Seto Fat, % Protein,3} Insulin, international 
species units/kg pancreas wt. 

, | 

Physeter 4,7—9,8 13 ,8—14,5 2500—3009 

B. musculus, adult | = 6, 8—44,5 13 ,0—13,5 4200—-3100 (cpegnes 2250) 

B. musculus, embryo | 2,9 15,0 4500—6000 mean 

B. physalus, adult 4,3-17,5 | 41,3-16,3 | 0—2500 (cpenuee 1635) 

B, physelus, embryo = _ 3£00—4500 

Megartera 3,9--8,6 13,8—-15,7 | 750—1500 (cpennee 1100) 
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However, while the islets are uniformly distributed in the body of 
the gland and are fewer in number than in a gland of the same size in man, 
in large baleen whales, for example, the blue whale (Jakobsen, 1941), in 
dolphins there are distinct differences in density and number of islets in 
different parts of the gland. 


The largest diameter of the glandular islets is 450 microns in beluga, 
225 microns in Steno rostratus (Neuville, 1936), and 166 microns in the blue 
whale (Jakobsen, 1941). The arrangement of the main types of cells in the 
islets, in the toothed whales studied, is typical of the distribution of most 
other mammals, and differs (Quay, 1957) from the distribution that is typical 
for ungulates and the blue whale. In this regard, the assumption has been 
repeatedly voiced that there is a different insulin content, which is the 
main secretion of one of the types of glandular cells (with reference to , 
which differences are observed between baleen and toothed whales). However, 
these assumptions were not confirmed (Table 18). eat 

The secretions of the pancreas are excreted through the pancreatic 
duct, which merges with the bile duct from the liver. Whales do not have a 
gall bladder, and this had already been noted by Pliny and Aristotle. To 
date, little attention has been given to the structure of the system of these 
ducts in cetaceans. However, recently data were published (Kamiya, 1962; 
Boyden, 1966) indicating that there are two main ducts from the pancreas going 
to this common duct, whereas in the toothed whales examined, there is a single 
main duct. In this same regard, we could also mention the sharp differences 
(10-fold) in activity of sperm whale and ungulate proteinase (Ishikawa, 1950). 


The data submitted in this chapter indicate that there are profound 
differences between representatives of baleen and toothed whales with regard 
to structure of the digestive system. Most of these differences are distinctly 
adaptive in nature (structure of the mouth, pharynx, stomach), but there @e 
also some that it is difficult to interpret for the time being from the t 
standpoint of specific adaptation (structure of the intestine, pancreas, ~ 
bile duct, and others). At the same time, with regard to such an important 
feature as the many divisions of the stomach, baleen and toothed whales are 
similar, though there are some differences in details. How deep are these 
similarities and differences? For the time being, this question can only be 
answered through a special analysis of the structure of the digestive system 
of most (rather than a few) representatives of baleen and toothed whales, 
as well as comparison of different cetaceans to other groups of mammals. 
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Chapter 6 


RESPIRATORY SYSTEM AND DISTINCTIONS OF RESPIRATION 


With all the uniqueness of the structure of cetaceans, they are still 
typical mammals with pulmonary respiration. The structure of their respira- 
tory system reflects, on the one hand, common structural features with all 
mammals and, on the other hand, some special features that are related to 
development of secondarily marine life style. In conclusion, we can note 
the prospect of further comprehensive investigation of the digestive system 
of cetaceans [sic]. 


I. Blowhole 


Unlike all other mammals, toothed cetaceans have a single respiratory 
orifice, the so-called blowhole (see Figure 5). In baleen whales, there are 
two blowholes represented by two fissures located on top of the head and at 
a slight angle to the horizontal body axis (Figure 73). In toothed whales, 
the blowhole is also on top of the head, with the exception of the sperm 
whale, in which it is on the anterior top end of the head, on the left. In 
most toothed whales, the blowhole is in the shape of a regular crescent. 
Usually the blowhole is either on the midline of the head or near it, and 
it is always directed with the protruding side backward. The size of the 
blowhole varies widely, depending on the size of the animal. 


The external nasal orifice leads to the cavity of the pericranial 
air passages. 


Il. Pericranial Air Passages 


The detailed structure of air passages in toothed whales has been 
described to a varying degree of accuracy by G. Pouchet and H. Beauregard 
(1885), W. Kukenthal (1593), W. Benham (1901), A.B. Howell (1927, 1930a, b), 
and other investigators with reference to Physeter macrocephalus, Kogia 
breviceps, Hyperoodon ampullatus, Phocoena phocoena, Neophocoena phocoenoides, 
Monodon monoceros, Delphinapterus leucas, Tursiops truncatus, Stenella sp. 

It is now absolutely clear that the same basic structure of this part of the 
respiratory system is inherent to all Odontoceti. 
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Figure 73. Head of large embryo of Balaenoptera physalus, top view. 
Mandible somewhat deviated to one side and tongue are 
seen. We are impressed by the location of the eyes and 
shape of blowholes. Paramushir Island. Photography by 
A.V. Yablokov. 


The blowhole is closed at the very surface by firm myodermal folds. 
The folds are so arranged that the prominence of one enters into the recess 
of another. Directly above the skull, around the nasal passage, there is a 
system of air-bearing alveoli that are connected to a single supracranial 
{pericranial] nasal passage. Two or three pairs of such "alveoli" usually 
originate from this nasal passage (Figure 74). At the present time, we 
have data on the structure of the superior nasal passages in representatives 
of almost ail families and genera of toothed whales. The investigations of 
J. Murie (1870, 1871, 1873) are particularly comprehensive and accurate with 
reference to the structure of the nasal passages of Grampus griseus, 
Lagenorhynchus acutus, Globicephala melaena; this also applies to the work 
of K. Baer (1826) on Phocoena phocoena, the already mentioned work by 
E. Huber (1934) dealing with Monodon monoceras and Tursiops truncatus, the 
relatively recent work of F. Fraser (1952); the most comprehensive and 
detailed work is the one authored by B. Laurence and W. Schevill (1956a) 
referable to T. truncatus, Stenella sp., Lagenorhynchus acutus. In 1954- 
1959, we also made an anatomic study of the nasal passages of Ziphius 
cavirostris and Berardius bairdi. 
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Figure 74. Diagram of structure of supracranial air passages in 


L some toothed whales (Yablokov, 1961) 
egend: 


1) Delphinapterus 2) Phocoena 3) Physeter 4) Berardius 


Since the system of pericranial air passages has drawn the closest 
attention, in recent years, of researchers from the functional point of view 
(as an organ generating ultrasonic oscillations, and more recently as a 
possible part of the echolocation system), we tried to standardize the 
terminology used by investigators to describe these organs (Kleynenberg 
et al., 1964). 


There are six independent muscle layers, one above the other, in 
the region of the pericranial nasal passages of dolphins (Figure 75), which, 
as demonstrated as far back as 1934 by E. Guber, are derivatives of 
m. maxillonasolabialis. There is also specific musculature for the nasal 
plugs that close the osseus nostrils. The entire region of the sacs is 
profusely innervated (Figure 76). 


On the whole, the data obtained with respect to the anatomy of this 
part of the respiratory system can be summarized by the following theses: 
the supracranial air passages constitute a complex differentiated organ in 
toothed whales that is basically similar in structure in all of the presently 
known species of these animals; the area of the pericranial nasal passages 
is divided into several "layers" in which air can circulate without exiting 
from the blowhole; by virtue of a developed system of muscles, different 
parts of the supracranial air passages are capable of independent and 
probably complex movements; closure of the nostrils and emission of sounds 
are important functions of the entire system; the mechanism of opening the 
blowhole is muscular, it closes essentially due to elasticity of tissues. 


At the present time, a new phase has begun in investigation of this 
interesting part of the respiratory system. Fine histological examination 
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Figure 75. Location of superficial muscles of the head of Stenella 
dubia and Tursiops truncatus (Hosokawa, Kamiya, 1965; 
Huber, 1934) 


Legend: 
n) m. narilis m) m. masseter M) blubbery prominence 
Yr) m. rostralis o) m. orbicularis oculi 


of different parts of the pericranial passages (in order to find the morphol- 
ogical bases of the echolocation system), determination of the function of 
different sacs and of the entire system of passages under different condi- 
tions and in conjunction with cranial structures and the fatty lens, 

finally, broad comparative anatomic and comparative embryological studies 

of this system in the next few years will definitely yield new and in some 
respects probably unexpected data on the role of the pericranial passages 

in the life of toothed whales. 


Iii. Larynx 


Even Bartholinus, in 1654 (Slijper, 1962), observed a laryngeal struc- 
ture in toothed whales, unusual for other mammals, resembling, in his expres- 
sion, “the head of a goose."' In the 18th century, P. Kamper first inter- 
preted this laryngeal structure as being necessary for reliable separation 
of the esophageal and air passages, and later on K. Baer (1826) already 
wrote about a constant division of these tracts in the pharynx of toothed 
whales. 


The larynx of toothed whales is characterized by formation of a long 
and firm laryngeal (aryepiglottic) tube blocking the pharynx transversely 
and constantly kept in this position due to specific constriction of the 
soft palate by the palatopharyngeal sphincter. 
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Figure 76. Innervation of the supracranial region of Stenella dubia 
(Hosokawa, Kamiya, 1965) 


Legend: 
v2) n. maxillaris mo) n. momogastricus 
V3) n. mandibularis my) n. mylohyoideus 

VII) n. facialis ai) nn. alveolares inferiores 
ma) n. meatus acustici externi as) nn. a. superiores 


The structure of the larynx has been described, with varying degrees 
of detail, for the porpoise (Tyson, 1680*; Hunter, 1787; Burmeister, 1865; 
Howes, 1879; Cleland, 1884; Rawitz, 1900; Boenninghause, 1903), the narwhal 
(Stannius, 1849**; Huber, 1934), for the gray dolphin, pilot whale, bottle- 
nose dolphin, Hyperoodon, and pygmy sperm whale (Murie, 1871, 1873; Dubois, 
1886; Benham, 1901; Watson, Young, 1880, etc. H. Hosokawa (1950) has 
written a comprehensive survey including some original data on several 
toothed whale species. 


A detailed description of the different laryngeal cartilages of 
several species of toothed whales is given in the monograph by S.Ye. Kleynen- 
berg et al. (1964) and A.A. Berzin (1970). Many of the typical features of 
the larynx of toothed whales can be well seen on Figures 77 and 78. 


As can be seen on Figures 79 and 80, the structure of the larynx of 
baleen whales presents different distinctions than those described for toothed 
whales: the epiglottis protrudes extremely far above the widely set pairs of 
arytenoid cartilages forming a sort of hood that allows the arytenoid carti- 
lages to hide completely in its deep fold. Thus, no laryngeal tube is formed 
in baleen whales, and the overall structure of the larynx resembles more 
that of terrestrial mammals than toothed whales (see Figure 79). Because of 
its pointed cone shape, the epiglottis can readily be inserted and just as 
readily removed from the choanae. One of the most remarkable distinctions 
of the larynx of baleen whales is the presence of a so-called subepiglottic 


*According to E. Slijper (1962). 
**According to H. Hosokawa (1950) 
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Figure 77. Diagram of larynx of some toothed whales (Bourdelle, 
Grasse, 1955; Kleynenberg et al., 1964; Benham, 1901la) 


Legend: 
A) Delphinus Thy) thyroideus 
B) Delphinapterus eri) cricoideus 
C) Ziphius Ar) arytenoideus 
Ep) Epiglotticus tr) trachea 


or retropharyngeal cavity (see Figure 81). Probably the opinion of Hosokawa 
(1950) is valid; like E. Dubois (1886) and B. Rawitz (1900), he believes 

that one can attribute to this distinction in structure of the larynx and 
pharynx of toothed and baleen whales not only a purely functional and morphol- 
ogical, but also important phylogenetic, significance. Of the numerous 
functional hypotheses voiced on this score, it is still probable that the 

most convincing assumption is that this cavity is related to generation of 
low-frequency sounds (Hosokawa, 1950; Bel'kovich, Yablokov, 1963c). 


If we compare the topograhy of the main muscle sheaths in the larynx 
of toothed and baleen whales, we shall see, on the one hand, that there is 
overall similarity: most of the main muscles in the larynx of whales are the 
same as in terrestrial mammals. On the other hand, there are some substantial 
differences consisting of development in baleen whales of spiral epiglottic 
and aryepiglottic muscles (which are virtually lacking in toothed whales). 

We cannot fail to relate development of these muscles to the possibility of 
considerably greater mobility of the epiglottis in relation to other laryngeal 
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Figure 78. 
Diagram of musculature of the larynx of 
Kogia breviceps (Benham, 190) 
Legend: Car) m. cricoarytenoideus 
St) m. thyrohyoideus 
Hep) hyoepiglotticus 
Tep) m. thyroiepiglotticus 
Aep) m. arytenoepiglotticus 
Tar) m. thyroarytenoideus 
Ct) m. cricothyroideus 
See Figure 77 for designations of 
laryngeal cartilages. 





cartilages in baleen whales (as compared to minimal mobility in toothed 
whales). 


The arytenoid cartilages of the studied species of baleen whales 
(least rorqual, Greenland right whale) consist of several independent small 
massive cartilages (Benham, 1901; Carte, Macalister, 1868; Eschricht, 
Reinchardt, 1886, and others), the principal (top) ones being usually homol- 
ogized with the Santorini cartilages, as in toothed whales. 


Up to 17 different muscles (Carte, Macalister, 1868; Benham, 1901) 
have been described in the larynx of baleen whales (Figure 81). 


While some investigators have found rudimentary vocal cords in the 
larynx of toothed whales (Bel'kovich, 1970; Gracheva, 1971), their opinion 
is unanimous concerning baleen whales: no vocal cords or rudiments thereof 
have been demonstrated in the larynx of baleen whales. 


On the whole, if we compare the structure of the larynx of baleen and 
toothed whales, we shall see that the most typical feature of the larynx of 
toothed whales should be considered the formation of a remarkable epiglottic- 
arytenoid tube, whereas baleen whales are characterized by development of an 
enormous epiglottic cavity, also never encountered in mammals, which is sur- 
rounded by parts of the thyroarytenoid muscle. One has to concur with 
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Figure 79. Diagram of structure of larynx of man (A), Balaenopteridae 
(B), and Kogia (C) (Benham, 1901). See legend to Figure 77. 


W. Benham (1901) that in the comparative anatomic aspect this cavity cannot 
be homologized either with the small dilatations on the floor of the larynx 
of toothed whales (as was previously assumed by W. Turner [1892] and J. Murie 
[1871}]) or to the known structures in terrestrial mammals. 


There are two segments of the thyroid gland to either side of the thy- 
roid cartilage in toothed and baleen whales, and paired segments of the para- 
thyroid gland caudally. According to the data of E. Slijper (1962), the 
cetacean thyroid is relatively small (0.01-0.05% of total body weight), 
though it does reach an absolute weight of several kilograms in large ror- 
quals. In the blue whale embryo that we examined, the weight of the thyroid 
gland did not differ from that of the parathyroid. 


It may be stated that the adaptive changes in the larynx of toothed 
whales were found to be directed toward providing for a firm larynx that 
would resist water pressure and propulsion of large food in spurts; as a 
result, a well-developed and immobile larynx is formed. In baleen whales, 
adaptation led to formation of a soft, mobile, and flexible larynx, which 
either constricts to a maximum and drops to the floor of the pharynx, open- 


ing the way for food, or rises upward and opens widely during inspiration 
and expiration. 


IV. The Trachea 


The short and broad trachea of cetaceans consists of several cartilagi- 
nous rings that form anastomoses with one another. For this reason, it is 
usually difficult to count the number of rings. Nevertheless, if one views 
the trachea from the top or bottom, one can count up with great accuracy the 
number of boundaries between rings. Thus, there are 5-7 rings in the trachea 
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Figure 80. View of larynx of Balaenoptera musculus. Paramushir 
Island. Photography of A.V. Yablokov 


of the beluga and sperm whale (Watson, Joung, 1880; Jackson, 1845-1847, 
and others), there are eight in the pygmy sperm whale (Benham, 1901), 15 
in the common dolphin (Jackson, 1845-1847), and 13-15 in the finwhale. 


Unlike many other mammals (and in particular baleen whales; Figure 82), 
the tracheal rings of all toothed whales are closed and form a noncollapsing 
tube. 


At one time, right-sided eparterial arrangement -- presence of a 
right prearterial bronchus (Zhedenov, 1954) -- was considered a typical 
distinction in structure of the bronchial tree of cetaceans. Of the species 
we examined, this is valid for the beluga (Wyman, 1863), blue whale, fin- 
whale, séi whale, least rorqual, and according to other data it also applies 
to the pygmy sperm whale (Kernan, Schulte, 1918). At the same time, the 
data we obtained are indicative of significant variability of this feature 
in the sperm whale, where, as in the Berardius, bilateral hyparterial arrange- 
ment in issue of the main bronchi has also been encountered. In dolphins, 
the volume of the trachea constitutes about 4% of the volume of the lung. 
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Figure 81. 
Diagram of cartilaginous frame and 
arrangement of laryngeal muscles in 
Balaenoptera (Benham, 1901) 
Legend: Slp) retrolaryngeal sac 
Other designations are the 
same as on Figures 77 and 78. age 


The microscopic structure of the 
tracheal wall has been described to 
date only for the beluga (Kleynenberg 
et al., 1964). An interesting distinc- 
tion of the submucosal membrane of the 
trachea of toothed whales is the pres- 
ence of numerous vascular accumulations. 
We encountered particularly well devel- 
oped vascular collections in this area 
in the sperm whale. 


In the region of bifurcation of the 
trachea, in the right angle of the 
thoracic cavity, cetaceans demonstrate 
a dark-red lobate organ, the thymus. 
According to E. Slijper (1962), it 
diminishes markedly in size after the 
animal reaches maturity. 


V. The Lungs 


Let us first consider the general 
shape of the lungs in different species 
and changes therein with age, and then 
the microscopic structure of lung tis- 
sue, and finally the distinctions in 
structure of the bronchial tree. 


A. Shape and Size of the Lungs 


The cetacean lungs are distinct from 
those of all other mammals in their 
overall sacculate shape without separa- 
tion into any lobes (Hunter, 1787; 
Knox, 1838, and many others). Only 
occasionally is the apical part of the 
right lung somewhat prominent, resem- 
bling the apical lobe of the lungs of 
other mammals.* 


O. Muller (1898), in one of the most 
comprehensive works dealing with gen- 
eral anatomy of the respiratory system 
of cetaceans, compared the structure of 
the lungs and bronchial tree of the 
porpoise, Hyperoodon, and beluga, on 


*We demonstrated this in one specimen 
of sperm whale and, to a considerably 
lesser extent, in several specimens 
of beluga and rorquals. 





Figure 82. Cross section of trachea of Balaenoptera physalus. Note 
that cartilage rings of the trachea are not closed at the 
bottom. Paramushir Island. Photography by A.V. Yablokov 


the one hand, to that of the blue whale, on the other; he demonstrated the 
existence of important differences between representatives of the main 
groups of cetaceans and, in particular, he corroborated the data of M. Weber 
(1886) concerning the relatively frequent incidence of rudiments of an 
independent apical lobe in toothed whales. 


The shape and size of the lungs of cetaceans can be measured and com- 
pared precisely. One usually considers the maximum length and width of the 
lungs, as well as their weight (Table 19). One should maintain a guarded 
attitude toward all these parameters, since the size of the lungs can vary 
significantly depending on the extent to which they are filled with air. It 
is interesting to note that the lungs are filled with air only in toothed 
whales (due to closure of the musculature sphincters on the bronchioles, see 
below). The weight of the lungs can fluctuate depending on filling of the 
pulmonary blood vessels. 


At the same time, as we know with reference to other cetacean organs, 


considerable individual, age-related, and seasonal variability are noted 
with reference to the lungs (Table 20). 
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Table 19. Relative lung weight in some cetaceans 











Lung weight as 

Por, Buz canteniente % body weight Comments 

Delphinus del phis 1,90 (mean) Kleynenberg, 1956a 

Tursiops truncatus 2,26—2,87 (e cpeanem, mM "  -Slijper, 1958 
Lagenorhynchus 3,59 (a cpeanem) (mear)|] Slijper, 1958a 

Phocoena phocoena 2,73—6,14* 15 adults; Slijper, 1958a 

Phecoena phocoena 2,12 (B cpennem) Kleynenberg, 1956a 

Physeter 0,90 (eB cpeanem) : we " 

Eubalaena 0,73—0,90 Adult male and female; Omura, 1958 


*Visibly less in young specimens 


Table 20. Changes in relative lung weight in common dolphin, Delphinus 
delphis (according to Kleynenberg, 1956a) 





as % of 
ee | ce body wt. 


re ge ree 


Groups gaa By wt. 
Pomerat, SA 3) ena 
n 








3 Males & 
pees | females! 4150 15 
Current Males & 
&Ffspring females; 3,34 12 
Adults " 4,90 50 
- Males 4,82 25 
" Females 2,02 25 
Males & 1,90 50 
fem. (spring) 
2,20 50 
(fall) 


There is some difference between the shape of the right and left 

lung: the right lung is usually larger, longer, and heavier (Kernan, Schulte, 
1918). Such asymmetry of lung size, which is related in whales as in other 
mammals to the somewhat asymmetric position of the heart in the chest cavity, 
is seen in virtually all studied cetaceans: rorquals, various dolphins, sperm 
whale, beluga, and may reach rather visible dimensions (Figure 83). Kleynen- 
berg (1964) proposed that the degree of pulmonary asymmetry be defined by 

the coefficient of linear asymmetry, which is the ratio between the product 
of multiplying the length by the width of the right lung to the same param- 
eter for the left; this coefficient reaches 1.30-1.50 in the finwhale, 1.22 
in the sei whale, 1.30 in the sperm whale, and 1.7 in the pygmy sperm whale. 


As the size of the whale grows larger (and accordingly so does the 


entire lung), the shape of the finwhale lung becomes more and more elongated, 
whereas in the sperm whale, with age, the lungs become relatively shorter. 
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Figure 83. 
Cross sections of trunk of Phocoena 
phocoena (Slijper, 1958) 
I) 33 cm from tip of nose 


Il) 37 cm 5) pulmonary artery 
IIL) 42 cm 6) lymph node 

1) aorta 7) ventricle 

2) esophagus 8) diaphragm 

3) lungs 9) stomach 

4) atrium 10) liver 


The lung capacity per unit of body 
weight varies significantly in differ- 
ent cetacean species. The volume 
reaches 7 liters per 100 kg in the 
bottlenose dolphin and porpoise, and 
only 2.5-3 liters per 100 kg in the 
Hyperoodon and finwhale. For the sake 
of comparison, let us indicate that the 
analogous figures for man, seals, and 
sirenians constitute about 5 liters 
per 100 kg body weight (Irving, 1969). 


Even P. Scholander (1940) had noted 
that the deep-diving whales have the 
relatively smallest lungs. This con- 
firms the fact that the quantity of 
air in the lungs is not so important 
to the capacity for deep diving as the 
total volume of stored and hemoglobin- 
bound oxygen (see Chapter 7). G. 
Kooyman and H. Andersen (1969) also 
stress another possible reason for 
the relatively smail lung volume of 
deep-diving species: the more air 
there is in the lungs when the animal 
is at a considerable depth, the more 
gases will pass to blood, and the more 
danger of development of an embolism 
when surfacing abruptly. 


B. The Bronchial Tree 


The structure of the bronchial tree 
has been very inadequately studied in 
cetaceans. The descriptions of some 
preparations of the bronchial tree of 
several species of dolphins and our 
more comprehensive data on the struc- 
ture of the bronchial tree of the beluga 
still enable us to form a general idea 
about the structure of this organ in 
small cetaceans (Figure 84). 


Each large lobe of the lungs con- 
sists, in turn, of small lobules 
arranged along the branches of the 
bronchi, reaching 0.45-0.25 mm in 
diameter in the beluga. There are 15- 
25 small lobules in one large lobe, 
and they consist of many alveoli 0.05- 
0.20 mm in size (Figure 85). A cross- 


Si40-> 


Figure 84. 
Diagram of bronchial tree of Delphinap- 
terus leucas (Kleynenberg et al. 1964) 





section of such a secondary lobule (acinus) could contain up to 25 alveoli. 
Consequently, there are up to 100 alveoli in all, in such a lobule. The 
shape of the alveoli varies widely, ranging from round to elongated and 
ellipsoid. 


The structure of the lung of beluga, as well as of toothed whales, 
is characterized by the good development of cartilaginous tissue in the 
bronchial tree as well (Wislocki, 1942; Kleynenberg, 1956, and many others). 
The cartilage rings surrounded the main bronchus and all bronchi down to 
4th-5th-order bronchi, forming a continuous tube with cartilaginous wall. 
Close to the respiratory segments of the lung, the aggregate cartilaginous 
frame disappears, but some cartilages remain not only in the terminal, but 
also in the alveolar, bronchioles. In the latter, they usually have the 
appearance of irregular-shaped plates, or they are encountered in the 
form of completely or almost completely closed rings. 


In the mucosa of the cetacean bronchial tree, which is covered with 
columnar, cuboidal, or squamous epithelium (Wislocki, 1935; Goudappell, 
Slijper, 1958), mucous cells have never been demonstrated. This is related 
(Slijper, 1962) to the absence of any traces of dust or deleterious contami- 
nants in general in the air inhaled by whales. If this assumption is valid, 
perhaps when cetaceans are maintained in captivity, and there is an inevitable 
increase in quantity of admixtures in inhaled air, they should develop pathol- 
ogical changes in the lungs that are dangerous to health. 


There are numerous smooth muscle fibers forming a system of sphinc- 
ters in the submucosal membrane of the bronchi and the bronchioles. These 
sphincters are located between the bronchial cartilaginous rings, dividing 
the internal cavity of the bronchus into several communicating chambers. 

The sphincters are encountered up to the large bronchi, and they become more 
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Figure 85. Cluster of alveoli in Delphinapterus leucas. Celluloid 
injection, corrosive preparation. Photography by A.V. 
Yablokov. 


marked in the direction of the alveoli. These sphincters are demonstrated 
not only in the immediate vicinity of the cartilaginous structures, but also 
in the alveolar bronchioles. Occasionally muscle fibers are traced even in 
the walls of the alveoli proper. 


Like the terminal ones, the alveolar bronchioles are separated by 
strong sphincters into several communicating chambers; there are up to 40 
in a single branch of the bronchiole tree of some dolphins (Goudappell, 
‘Slijper, 1958). The surface of the alveolar bronchioles is lined with 
cuboid epithelium of the respiratory type (which is typical for the lungs 
of all whales). 


The above-described structure of the bronchial tree of the beluga is 
found to be typical for all other toothed whales examined in this respect: 
Stenella, sperm whale, Cuvier's whale, bottlenose dolphin, common dolphin, 
porpoise, and others (Fiebiger, 1916; Murata, 1951; Wislocki, 1942; Kleynen- 
berg, 1956b, and others). The same conclusion applies to the overall micro- 
scopic structure of the lungs of toothed whales. 


Many authors have investigated the microscopic structure of the lungs 
of toothed cetaceans (Miller, 1904; Fiebiger, 1916; Wislocki, 1942 Murata, 
1951; Lacoste, Baudrimont, 1926; Belanger, Bonin, 1939; Belanger, 1940, and 
others). According to their data, the lungs of all studied small toothed 
cetaceans (Phocoena phocoena, Delphinapterus leucas, Delphinus delphis, 
Tursiops truncatus) are similar in structure and have the same main features 
as those described above: well-developed cartilaginous frame of the bronchial 
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tree; a system of myoelastic sphincters on the boundary between respiratory 
and conducting parts of the respiratory system in the lungs; presence of a 
double capillary network in the alveolar walls. 


It should be mentioned that there is no agreement among investigators 
concerning the presence of muscle sphincters in the terminal parts of the 
bronchial tree of the sperm whale and beaked whale. There is information 
(Murata, 1951; Berzin, 1970) concerning the presence of sphincters in the 
sperm whale bronchioles, which refutes the opinion of earlier investigators 
(Haynes, Laurie, 1937; Wislocki, Belanger, 1940) who failed to find these 
structures in this species. Furthermore, there are some data about the 
presence of a well-developed system of muscular sphincters in the Berardius 
and absence thereof in the bottlenose (Goudappell, Slijper, 1958). 


T. Schulze (1908) and later I. Fiebiger (1916) demonstrated that the 
alveoli of Phocoena phocoena and Delphinus delphis are close to 260*140 microns 
in size; according to the data of H. Hosokawa and T. Sekino (1958), the alve- 
olar size of Eubalaena is about 280 microns. However, there is a sharp differ- 
ence in data pertaining to the overall number of pulmonary alveoli. For 
example, according to T. Schulze (1908), there are 437 million alveoli in 
the porpoise lung (versus 6.25 million in the sloth, 400 million in the cat, 
and 150 million in man). At the same time, because of the difference in 
absolute capacity of the alveoli in the above-mentioned mammals, the respira- 
tory surface of the lungs of these species differs sharply, constituting 
only 5 square meters in the sloth, 20 in the cat, 30 in man, and 43 sq meters 
in the porpoise. 


On the other hand, H. Marcus (1928) maintains that there are no more 
than 5 million alveoli in the dolphin lungs, with an overall respiratory 
surface of 1 sq meter. With respect to relative number of square meters of 
respiratory surface of the lungs per gram of body weight (31), the dolphin 
has a smaller surface than bats (100), mice (54), and rats (33), but larger 
than cats (28), deer (21), horses (13), and man (7). 


The microscopic structure of lungs of large baleen whales (rorqual, 
right whale) is characterized by depenetration of cartilaginous elements 
along the bronchial tree and absence of any muscular sphincters on the 
alveoli. At the same time, the system of muscle fibers in the terminal parts 
of the system of air passages is extremely well developed. The smooth muscle 
fibers are arranged in the alveolar walls without forming sphincters (longi- 
tudinal and around all alveoli). Another important distinction of the struc- 
ture of the bronchial tree of baleen whales is the considerable development 
of alveolar passages with the conductive tract (Balanger, 1940). The lack 
of such developed alveolar ducts, at any rate in small species of toothed 
whales (Wislocki, 1935), should lead to an increase in effective respira- 
tory surface of the lungs of the latter species. It is interesting to note 
that the distinctions in structure of the lungs of baleen whales are similar 
to those of seals and sirenians. 


However, the most remarkable property of the baleen whale lungs that 
distinguishes them from the lungs of all other mammals (and not only the 
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lungs of toothed whales) is the absence of the actual terminal respiratory 
sections, acini (Engel, 1966). 


As shown by studies of the lung of the blue whale, finwhale, and other 
rorquals, the respiratory segments of the lungs of these whales are of a 
tubular or"saccular"™ nature rather than acinous, resembling most the lung 
tissue of large reptiles. 


The pleura reaches a thickness of 1.5-2 mm in beluga and porpoises 
(up to 3-4 mm in large whales and some dolphins); the visceral pleura cover- 
ing the lungs is divided into several distinct layers (Cleland, 1884). On 
the top, on the side directed toward the body cavity, there is an elastic 
layer. 


The pleura differs in thickness and in distinctions of differentiation 
into different layers in various cetacean species (Wislocki, 1935; Murata, 
1951; Kleynenberg et al., 1964). 


VI. Distinctions of Respiration 


A. Inspiration and Expiration. The Spout 


Inspiration and expiration are very rapid, explosive, and in dolphins 
the two acts usually take up 0.3-0.7 second. There is very fine coordination 
of the respiratory act in dolphins, and it is regulated directly by the 
central nervous system rather than being an unconditioned reflex action. 

This is confirmed by direct experiments in which administration of even rela- 
tively small doses of narcotics (10 mg per kg of body weight) resulted in 
total impairment of respiratory rhythm, choking, and death (Lilly, 1961). 


The dolphin can sleep with one eye open (Backhous, 1964; Lilly, 1964), 
and this is directly related to the need for constant nervous control of the 
respiratory act (McFarland, Morgane, 1966). In this regard, of interest is 
the fact of a direct link between the hypothalamus and reticular formation 
of the brain; M. Jacobs and P. Morgane (1964) showed that the optic nerve 
fibers of the bottlenose dolphin pass from the chiasma directly to the hypo- 
thalamus. 


The flow of air escaping from the lungs of cetaceans at the time of 
expiration blows up the drops of water that are around the blowhole. A par- 
ticularly large amount of water could be spouted by the jet of air upward 
in baleen whales, whose external respiratory orifices are located in rather 
deep folds. This water, which is sprayed by the jet of exhaled air, consti- 
tutes the spouting that is typical in size and shape for each of the large 
whales (Figure 86). Vapor formed upon contact between air heated in the 
lungs and the cold external air is also involved in formation of the spout. 
We also know of real purely water spouting, which was observed both in 
dolphins in captivity (Figure 87), and in the natural habitat of different 
species of dolphins (Tomilin, 1947; Tomilin, Morozov, 1969). 
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Figure 86. Silhouettes and spouts of some cetaceans (according to 
different authors quoted by A.V. Yablokov and V.M. 
Bel'kovich, 1967) 


Legend: 
1) Balaenoptera musculus 6) Orcinus 
2) B. physalus 7) Balaena 
3) Megaptera 8) Globicephala 
4) Physeter 9) Phocoena 


5) B. acutorostrata 


- 145 - 





Figure 87. Bottlenose dolphin, Malysh, catching a jet of water 


spouted by the bottlenose dolphin, Vasilisa. Photography 
by V.I. Borisov 


B. Respiratory Interval and Rate 


In the special literature, many precise observations are reported 
concerning the immersion time for different cetacean species. Some of the 
results of these observations are summarized in Table 21, which shows the 
usual and maximum immersion time for some cetacean species. 


E. Slijper (1958a) suggested that the distinctions of respiratory 
activity of different cetaceans be divided into three main types (Figure 88). 


Of course, for each species and in each natural habitat, there is an 


inherent rhythm of respiration; however, the existence of the three above- 
mentioned types cannot be questioned. Special works submit some interesting 
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Table 21. Respiratory interval in some cetaceans (according to data of 
various authors) 


Duration of dive, minutes 


Genus, species Usual Maximum 
Delphinus 0.5-5 15-20 
Phocoena 0.5-6 12.5 
Delphinapterus 0.3-6 15 
Physeter 1-10 15-90(1207) 
Berardius 5-20 40-60 
Hyperoodon 5-15 
Ziphius 3-10 Over 30 
B. musculus 2-5 50 
B. physalus 2-5 30 
B. borealis 0.5-5 12 
B. acutorostrata 0.5-3 6 
Megaptera 1-7 30 
Eschrichtius 0.5-6 20 
Balaena 8-20 80 
Eubalaena 5~15 50 


estimates showing a direct correlation, for example, between the number of 
inspirations and expirations in the sperm whale and duration of the subse- 
quent dive (see, for example, Tomilin, 1957). 


The absolute respiratory rate also varies significantly in different 
cetacean species. It is believed (Slijper, 1962) that the average is 3-8 
inspirations and expirations per minute in the intervals between long dives. 
But if these respiratory acts are distributed evenly over a long enough 
period of time, we shall find that the respiratory rate of cetaceans consti- 
tutes 1-6 per minute (versus 70-100 in small rodents, up to 20 in dogs, 16 
in man, and 6 in the elephant). 


VII. Distinctive Features in Function of Respiratory Organs of Whales 


How, then, do all the above-described structures function? For a long 
time, there was no substantiated answer to this question because most inves- 
tigators considered the function of each of the regions of the respiratory 
system apart from the adjacent ones. One of the first successful attempts 
to interpret the function of the respiratory system of cetaceans as a whole 
was made in 1916 by I. Fiebiger. 


The single external blowhole of toothed cetaceans closes at the surface 
with firm myodermal folds. Air contained in the pericranial sacs exerts 
pressure on the valves that close the entrance to the osseous orifice when 
hydrostatic pressure rises. The fact that the laryngopharyngeal sphincter 
is temporarily closed is not questioned for the simple reason that whales, 
which swallow food under water, can open their mouths at any depths and, 
consequently, a pressure is established in the mouth and pharynx that is 
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Figure 88. Graphic rendition of the three main types of respiratory 
activity of cetaceans (according to Slijper, 1962) 


Horizontal axis -- time at the surface or under waters; vertical axis -- 
diving depth (not to scale) 
Legend: 

1-2) types of respiration in Physeter 4) Delphinidae 


3) Balaenoptera 


equal to the external hydrostatic pressure. The next valves (and this means 
a pressure change as well) are demonstrable along the air passage only at 
the end of the conducting and beginning of the respiratory segments of the 
lungs. In the larynx and large bronchi (to the 4th-5th-order bronchi, where 
the solid cartilaginous rings begin to open and, at the same time, the first 
muscle sphincters appear), apparently the pressure is close to atmospheric. 
This would be assured, in particular, by the firmness of the tracheal and 
bronchial walls down to the smallest ones, in which closed cartilage rings 
are present. 


Unlike the conducting segments, in the respiratory segments the pres- 
sure will be close to hydrostatic, i.e., to the external water pressure over 
the entire body of the whale. The role of the strong muscle sphincters may 
consist of inhibiting exit of air from the respiratory segments into the 
large bronchi, thus providing normal gas exchange processes when the whale 
dives to a considerable depth, and the pressure in the alveoli rises. The 
structure of the thorax of cetaceans is distinct not only because there are 
fewer true ribs, but also there is development of an extremely short and 
disproportionately small (in some cases) or extremely segmented and mobile 
(in other cases) sternum. All these distinctions are indicative of great 
compressibility and mobility of the cetacean thorax. 


In view of the significant mobility of the thorax, we should discuss 
the possibility of the existence of a distinctive type of respiration in 
cetaceans (Kleynenberg, 1956b), in which the act of expiration is of chief 
significance, as it is implemented by the strong musculature of the thorax 
and diaphragm that is enormous in area. This possibility is confirmed by 
the demonstration of numerous elastic fibers in the interalveolar tissue 
of the lungs (Sleptsov, 1955a; Wislocki, 1942; Kleynenberg, 1956b; and 
others). 
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Thus, analysis of the processes occurring in the respiratory system 
of toothed whales when they dive indicates that the lungs, like other internal 
organs, are exposed to pressure equal to hydrostatic pressure and occasionally 
constituting many dozens of atmospheres (sperm whale, beaked whales). 


At the same time, much remains unclear with respect to the mechanisms 
of the terminal segments of the bronchial tree. If the data of I. Goudappell 
and E. Slijper (1958) with reference to the absence of muscle sphincters in 
the bronchioles of one of the specimens that dives for the longest time and 
to the greatest depths, the bottlenose, are confirmed, then we shall have to 
interpret differently the distinctions in the function of the respiratory 
system at the level of the bronchial tree. In this regard, it is interest- 
ing to mention the suggestion of E. Slijper (1962), who relates the struc- 
ture of the cetacean lungs to the total lung volume and respiratory rate, 
rather than depth of diving. E. Slijper places into one ecological group 
baleen whales and the sperm whale (with typical lengthy diving) and believes 
that all of these animals are characterized by a relatively negligible lung 
volume (not more than 50% of that of terrestrial mammals). In another group 
he puts all small toothed whales (which usually dive frequently and briefly), 
in which, in his opinion, the relative lung volume is 1.5 times greater than 
in terrestrial mammals. The above-described system of well-developed 
muscle sphincters in the lungs, which resembles a system of valves in engin- 
eering, is particularly typical, in the opinion of E. Slijper (1962), 
expressly for the second group of species, and it is related to the need 
for a rapid exchange of air in the lungs. We believe that this interesting 
assumption has not yet found sufficient factual substantiation. 


Let us consider the possible processes in the respiratory system of 
baleen whales at different phases of its function. 


During the respiratory act, baleen whales establish a temporary link 
between the external nostril and the trachea (and then on with the lungs), 
in view of the fact that the larynx rises and enters the choanae. 


At the same time, the larynx will drop to the floor of the pharynx, 
and because of the mobility of its different components and a well-developed 
system of muscles and ligaments, it will close completely, isolating the 
tracheal cavity from the pharyngeal cavity. At that same moment, the sphinc- 
ters of the soft palate should also close, interrupting communication 
between the pharynx and the osseous nasal passages. 


As we know, baleen whales dive to relatively shallow depths (appar- 
ently no more than 200-300 meters), where the hydrostatic pressure consti- 
tutes 20-30 atm, respectively. Probably such a pressure compresses the 
trachea (the cartilage rings in the trachea of baleen whales are open!), 
and thus air is locked in the lungs. 


At the moment of expiration, the larynx rises to the choanae and opens, 
the trachea opens up, the well-developed muscular system in the alveolar wall 
contracts, expressing air into the bronchial cavity, from which, due to strong 
contractions of the diaphragm and thoracic musculature, it should be trans- 
ported out. ye 


We should dwell in particular on the possible mechanism of the retro- 
laryngeal air-bearing sac. It is obvious that at the time of inspiration 
this sac may be filled with air. Then, if our assumption is correct as to 
the possibility of isolating the lungs by depression of the soft trachea 
under hydrostatic pressure, this sac and the communicating larynx should be 
isolated from the other parts of the air-bearing tract. It may be assumed 
(on the basis of the strong muscular wall at the retrolaryngeal sac) that 
air can be compressed out of it under any pressure into the larynx and 
further. Perhaps this is the mechanism of emission of low-frequency sounds 
made by baleen whales. 


There is still much that is unclear in the morphology of the respira- 
tory system of cetaceans. The comparative histology of the lungs has not 
been sufficiently investigated; in-depth studies of the most interesting 
region of the supracranial ducts are only beginning; the physiology of 
respiration is not clear. However, even the information that we have com- 
pels us to concede that in toothed and baleen whales this system of organs 
is quite specialized on the one hand and considerably different in these 
two contemporary groups of cetaceans on the other hand. 
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Chapter 7 


THE VASCULAR SYSTEM, BLOOD, AND CIRCULATORY DISTINCTIONS 


There have been three stages in the study of the cetacean vascular 
system. Up to the 1930s, there had been isolated descriptions of the loca- 
tion of blood vessels in different systems of organs of some cetacean 
species that were available to anatomists. At the second stage, starting 
with the functional morphological works of A.B. Howell (1930a), R. Walmsley, 
(1938), and particularly the comparative physiological monograph of 
P. Scholander (1940), extensive studies began of the function of the vas- 
cular system of cetaceans (some of these works have been surveyed by 
H. Andersen, 1969). Finally, in the last few decades, there has been 
increased interest in the anatomy of the vascular system, but on a higher 
level, where the topography of the vessels is being closely related to their 
function both as a whole and in different systems of organs (these investi- 
gations are characterized by the increasing use of refined experimental 
methods). Incidentally, it is expressly at this last stage that interest 
arose to study not only the actual blood system but also the lymphatic system, 
and the fact that blood is being studied not only from the standpoint of 
analyzing its composition and physiological functions, but also for the 
purpose of finding precise criteria to establish the profound biochemical 
relationship between the forms compared. Obviously, all these approaches 
are discussed in this chapter in the briefest way. 


I. General Distinctions in Structure of the Vascular System of Cetaceans 





Although in its broadest features the vascular system of cetaceans does 
not differ from that of terrestrial mammals, there are some important differ- 
ences that are related somehow or other to adaptation to a marine life. 

These distinctions include, first of all, a well-developed arterial and venous 
“rete mirabile” (Hunter, 1787; Breschet, 1836; Wilson, 1879, and many others). 
The arterial rete mirabile consists of an enormous number of fine, tortuous 
arteries with firm muscular walls interconnected by numerous anastomoses. 

This plexus of blood vessels is on the ventral side of the spinal column, in 
the thoracic and cervical regions, penetrating into the vertebral canal and 
passing directly to the brain (Figure 89). Blood is supplied to this region 
through the intercostal and cervicocostal arteries. The arterial rete mirabile 
is considerably developed in all dolphins, whereas in beaked whales and large 
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Figure 89. Diagram of arterial system of Tursiops truncatus, left 
side of trunk (Viamonte et al., 1968) 


Legend: 

i) a. infraorbitalis th) a. thoracica posterior 

R) retina mirabilis c) a. cervicalis profunda 

tr) a. transversa colli in) a. intercostalis posterior 
ao) aorta ins) a. intercostalis superior 
ina) a. intercostalis anterior thi) a. thoracica interna 

a) a. anonyma su) a. subclavia 

ca) a. carotis communis om) a. omooccipitalis 
cai) a. carotis interna cae) a. carotis externa 

al) a. alveolosubmandibulae ma) a. maxillaris interna 


li) a. linguae 


baleen whales, it is less developed (Slijper, 1958a). Among baleen whales, 
this rete is best developed in B. acutorostrata. 


The venous rete mirabile is closely linked to the arterial one and 
is located at the base of the brain and in the abdominal region. 


For a long time, the functional significance of this structure remained 
unknown (there was a popular assumption that it played a part as a blood 
reservoir). We now know that the rete mirabile is well developed in all 
marine mammals (Slijper, 1962; Ivanova, 1967, and others). One of the 
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Figure 90. 
Blood pressure fluctuations in Tursiops 
truncatus (Nagel et al., 1968) 
A) in efferent vessels 
B) in afferent vessels 
At the top is the electrocardiogram 





functions of this structure is to regulate "pulsating" pressure in the vascu- 
lar system developing as a result of breath holding in cetaceans (Figure 90). 
More recently, some refined experimental works have been published (Viamonte 
et al., 1968) that have shown conclusively the enormous role of the peri- 
vertebral rete mirabile in supplying blood to the brain. In vivo angiog- 
raphy revealed that the brain of dolphins (the bottlenose dolphin was exam- 
ined) is supplied with blood exclusively through a perivertebral rete mira- 
bile rather than directly from the carotid arteries (as is usually the case 
in mammals). It is still difficult to state whether this is also typical 
for other cetaceans and, in particular, for large baleen whales, beaked 
whales, and sperm whales. : 


As indicated by our observations, the region of the thoracic rete 
mirabile in adult finwhales has a cross-section about 30x40 cm and extends 
from the skull over a distance of 1.5 meters. Thus, in a collapsed state, 
the capacity of this part of the vascular system constitutes about 0.2 cu 
meters. Here, the diameter of venous and arterial vessels ranges from 2-3 mm 
to 2-3 cm in the finwhale. In the Berardius, the vessels constituting the 
thoracic rete mirabile are more homogeneous in diameter (about 0.5 cm) and 
are gathered in large loops (the size of a loop reaches 10 cm). In rorquals, 
the vascular loops are very small and demonstrate many turns. In the 
Berardius, the rete mirabile extends partially to the dorsal surface of the 
lungs. 


Another important distinction in the structure of the vascular system 
of cetaceans is the marked dilatation of the inferior vena cava (hepatic). 
Equally interesting is the fact that such dilatation of the inferior vena 
cava is associated with development of a strong muscular sphincter on this 
vein, and this is typical only for toothed whales. It is thus far not clear 
whether large toothed whales, sperm whales and beaked whales, present these 
distinctions. 
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Figure 91. 
Diagram of main arterial trunks in 
the region of the thorax, larynx, 
hyoid bone, and base of the skull of 
a large Balaenoptera borealis embryo 
(Walmsley, 1938) 


Finally, there is one more important 
distinction in the structure of the 
vascular system of cetaceans: in all of 
the examined whale species, there is a 
well-developed pair (or one) of large 
veins passing over the ventral side of 
the vertebral canal (Harrison, Tomlinson, 
1956; Slijper, 1958a). There is a 
strongly developed cervicocostal vein 
connecting them to the anterior vena 
cava, and posteriorly, through the inter- 
vertebral vein, they are connected to the 
posterior vena cava. This system of 
veins, though developed in all cetaceans, 
is best demonstrable again in the dol- 
phins. E. Slijper (1958a) assumes that 
its development is indicative of adap- 
tation to frequent diving and breath 
holding. 


The last of the vascular distinctions 
of cetaceans is development of specific 
complex vessels (Tomilin, 195la; 
Scholander, Schevill, 1955) consisting 
of arteries surrounded by a ring of 
veins constituting perfect adaptation 
for semiautomatic thermoregulation. 
This system of vessels has recently 
been demonstrated not only in the pec-— 
toral, dorsal, and caudal fins, integu- 
ment, but also at the base of the 
baleen system (van Utrecht, 1958). 


Many of the vascular distinctions of 
cetaceans are illustrated in a diagram 
of the vascular system of the bottle- 
nose dolphin (see Figure 89) and sei 
whale in the remarkable work by 
R. Walmsley (1938) (Figures 91-92), 
which has been unjustifiably overlooked 
for the last 30 years by investigators. 


ca) a. carotis li) a. linguae 6) condylus occipitalis 

subc) a. subclavica oc) a. occipitalis 7) os hyoideum 
a) aorta ma) a. maxillaris 8) cart. thyroideum 

da) ductus arteriosus 1) vomer 9) sac. laryngeus 

an) a. anonymae 2) os pterygoideus 10) m. scalenus 

thi) a. thoracis interna 3) foramen ovale 11) eye 

thd) a. thoracis dorsalis 4) m. pterygoideus 12) mandibulae 

thy) a. thyroidea 5) bulla tympani 13) maxillary venous sinus 
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Il. The Heart 


In general, the structure of the 
heart of cetaceans does not differ 
from that of other mammals (Figure 93). 
The general shape of the heart of all 
cetaceans is somewhat flattened in the 
dorsoventral direction. There are 
deep interventricular and coronary 
prominences on the surface of the 
heart, on the floor of which there are 
large blood vessels (P. Sokolov, 1967). 
In dolphins, there is particular 
development of the posterior inter- 
ventricular branch of the coronary 
artery. There are extensive anasto- 
moses in the myocardium of branches 
of the coronary arteries, forming a 
more dense vascular network than in 
terrestrial mammals. Arteriovenous 
anastomoses have also been demonstrated 
in the atrioventricular valves of the 
dolphin heart (V.V. Sokolov, 1968). 

It is interesting to note that there 
is only a negligible difference 
between the thickness of the walls 
of the right and left ventricles in 
dolphins (P. Sokolov, 1962), whereas 
in large species (sperm whales, fin- 
whale) these differences reveal con- 
siderable ontogenetic variability 
(Walmsley, 1938). 


Individual muscle fibers in the 
heart of the pygmy right whale and sei 
whale are up to 10 microns in length 





Figure 92. (Cave, Aumonier, 1961); in the Atlantic 
Diagram of main trunks of dorsal aortaYright whale, their length reaches 10.7 
and inferior vena cava in a large microns (Hosokawa, Sekino, 1958). The 
Balaenoptera borealis embryo conductive fibers of the atrioventricular 
(Walmsley, 1938) system of the heart of baleen whales do 
V) vena postcava communis not differ from those of carnivorous 
me) a. mesenterica mammals with regard to size and features 
ren) a. renalis vr) v.renalis (Cave, Aumonier, 1961). 
il) a. iliaca 1) adrenals 
ca) a. caudalis 2) kidney In the comprehensive work by T. 
vea) v. caudalis 3) ureters Ogawa (1952), it was shown that there 
vvuro) v.v. urogenitalis are basic differences in location 
vlu) v.v. lumbaris (Figure 94) and innervation of the 
vpo) v. postcava cardiac septa of baleen and toothed 


ipa > eas 





Figure 93. General shape of the heart, aorta (A), and pulmonary 


P) (S1lij » 1962 
ieuane: artery (P)(Slijper ) 


1) Equus 2) Phocoena 3) Balaenoptera 


whales (cardiac innervation of Berardius, Stenella, and Balaenoptera were 
studied). A.A. Kolosova and Ye.N. Ivashchenko (1968) discovered some 
interesting distinctions in the cardiac innervation of Delphinus. 


There is some fluctuation of relative weight of the heart in differ- 
ent cetacean species (Table 22). The heart weighs somewhat less in female 
beluga in all age groups than in males (Kleynenberg et al., 1965). E. Slijper 
(1958a) observes that on the average, the larger whales have a heart that 
weighs somewhat less than the smaller species. The data submitted in the 
table do not justify such a definite conclusion, and this is apparently 
attributed to the fact that the data are not homogeneous enough (there is 
no division according to age, sex, or season). S.Ye. Kleynenberg (1956a) 
demonstrated the importance of considering all ecological distinctions of 
compared groups according to relative weight of the heart with reference 
to the Black Sea dolphin (Table 23). 


The data concerning the relative size of the heart of cetaceans are 
close to those for terrestrial mammals. Probably, the absolute and rela- 
tive weight of the heart is too variable an index to characterize even a 
single species (Yablokov, 1966) and ultimately, when studying cetaceans, it 
could be used effectively only to compare different age-sex and seasonal 
groups within a species. 


As noted in several of the works by E. Slijper (see survey, Slijper, 
1961a), of special interest is development of the arterial duct of cetaceans. 
Closure of its lumen (which occurs soon after birth in terrestrial mammals 
and which persists only as an anomaly at later stages) proceeds differently 
in cetaceans, occurring occasionally many years later. Thus, in some cases, 
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Figure 94. Longitudinal section of right atrium and ventricle of 


Legend: Kogia breviceps (Kernan, Schulte, 1919) 


1) aorta 2) superior vena cava 3) inferior cava 4) Thebesian valve 


a patent arterial duct has been found in dolphins at up to 14 months of age 
and in baleen whales at 13 years of age (!). E. Slijper relates the distinc- 
tions with regard to closure of this duct to body size in the belief that 

it occurs later in large whale species. Further investigation of large 
toothed whales should show to what extent this assumption is valid and 

should also disclose the functional meaning of this phenomenon. 


III. Characteristics of Blood 


The total amount of blood in the cetacean organism varies in differ- 
ent species. Thus, blood constitutes 8-9% of total body weight in the 
common dolphin (Korzhuyev et al., 1965). The quantity of blood in the 
organism of adult beluga, porpoise, and large baleen whales also apparently 
constitutes about 6-8% of total weight (Ommaney, 1932, and others). 


S. Ridgway and D. Johnston (1966) showed that there are some differ- 
ences in quantity of blood in the organism in similar species, which coincide 
with the differences in the animals' activity: the more mobile the species, 
the relatively greater quantity of blood (for example, 71 ml/kg of body 
weight in the bottlenose dolphin, 108 ml/kg in the small beaked dolphin, 
and 143 ml/kg in the Dall dolphin). 
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Table 22. Relative weight of the heart of some cetaceans* 








Heart weight, % of Number of 
Pon, ama Genus, species |—-——DOdY WE. | ci ecimens 
range mean 
Delphinus ? 0,48 50 adult 
Tursiops truncatus ? 0,50 50 adult 
Lagenorhynchus 0,70—0,92 0,85 5 
Orcinus 0,50—0,73 0,64 3 
Globicephala = 0,44 4 
Phocoena phocoena © ? 0,45 50 adult 
0,93 “| 45 
Phocoenoides ‘ 
: ° 1,25—1,34 41,34 3 
Delphina piterus : 
: ? 0,58 17 adult males 
Roew 8 adult females 
Physeter mo ’ 
Berardius 0,24—0, 61 0,33 30 
Eschrichtius = : : fe ; 
Balaenoptera musculus = : 
; 0,37—0,67 0,40 32 
B, physal: : : 
Bahn 0,34—0 49 0,40 17 
Mevapterg Nee 0,46 20 
Eubalaena 0088 fies 4 
— 00 1 


*The table was compiled according to the data of Kleynenberg (1956a), Kleynen- 
berg et al. (1964), Sergeant (1969), and Slijper (1958). 


Oxygen capacity constitutes 20.5~42.5% by volume for dolphin blood 
as a whole, and 57.7 for erythrocytes (Kleynenberg, 1956a), which is close 
to the figures that are typical for terrestrial mammals. Recently this was 
again corroborated in a survey by C. Lenfant (1969). 


One of the main distinctions of the vascular system of cetaceans is 
believed to be the high myoglobin content (Scholander, 1940; Tawara, 1950; 
Kleynenberg, 1956a; Korzhuyev, 1965). 


When comparing the characteristics of blood of baleen and toothed whales, 
of special interest are the data on iron content in cytochromes and myoglobin 
obtained using refined chromatographic methods (Table 24). 


As can be seen from the data submitted in Table 24 concerning iron 
content of myoglobin, as well as iron content of cytochrome A in the cetacean 
myocardium, sharp differences are observed between the species compared. 


As has been shown for the common dolphin (Korzhuyev et al., 1965), 
there is a considerable difference between different muscle groups according 
to hemoglobin concentration: there is a minimal concentration in the muscles 
of the heart and head (about 1,200 mg%, which is still several times higher 
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Table 23. Relative weight of the heart of Delphinus delphis in different 
age and sex groups (according to S.Ye. Kleynenberg, 1956a) 











Groups accordingleart wt Groups according #eart wt 
Sex| % body ‘ sax a] % Of . 

to age | seeasorweight | to age season | body wt 

{ 

Embryos jMales 7,94 6 Adults | Males 4,76 95 
Female 7,37 9 Femal 4,98 25 
YearlinggMales j 6,98 7 Adults | Sprin 4,84 50 
Scuarel 6,84 5 Fall 5,73 50 





Table 24. Iron content (mg/kg muscle weight) in some mammals (Tawara, 1950) 
































Site of B. bore-|Bos Equus 
test Physeter lotis taurus | cabbalus 
( 
cytochrome A 
Trunk 1,91 41,29 | 2,28 — 
Heart 4,03 2,54 | 0,27 _ 
pr cytochrome © 
Tynopume| 0,47 |0,43*} 0,30 — 
C 9 7 
neeppue 0,57 =|1,29 | 0,70 1,17 
myoglobin 
Tyaopume| 154,00 | 34,35 | 18,08 _ 
Cepane 23,42 | 7,62) — 7,15 











*0.44 in B. musculus. 


than in terrestrial mammals), and it is at a maximum in the spinal and abdom- 
inal muscles (up to 3,600 mg%). It was found that the share of hemoglobin 

in dolphin muscles is about the same as in blood. Herein cetaceans differ 
significantly from terrestrial mammals, in which myoglobin constitutes no 
more than 15-25% of all hemoglobin. 


Of great interest are the characteristics of formed blood elements 
of cetaceans (Table 25). 


There is a negligible difference between all cetaceans with respect 
to erythrocyte count; there is merely some tendency toward a higher index 
in the smaller dolphins and a lower one in large baleen and toothed whales. 
It is interesting to note that the figures characterizing the erythrocyte 
count of cetaceans virtually coincide with those for pinnipeds (Lenfant, 
1969) and are very similar to the indices for many terrestrial mammals. 

At the same time, the erythrocyte count is quite high in ungulates and 
reaches a maximum in the class of mammals and vertebrates in general (17 
million/ml for one species of goats) (Slijper, 1962). 
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Table 25. Characteristics of erythrocytes of some cetaceans (according to 
summary data of C. Lenfant, 1969; according to data of P.A. 
Korzhuyev and N.N. Bulatova, 1952) 

a a Ee 

Genus, species erythr. , /Overall Hg, Erythr. ‘jag concentra- 


Pou, Bun million/ erythr. grams/ size, tion in blood, 
; _gtams/100 ml 


ml volume, 


{100 ml cubic mic 


Odontoceti 








Inia 4,04 42,0 14,3 403,0 34,6 





Purstope 3,49--6,89 | 40,6—52,0 | 14,2~—20,3 | 107,1—147,0 44,0 
Delphinus 5,65 48,0 19,4 84,9 41,0 
Phocoena 6,14 49,0 19,7 80,2 - 40,2 
Phocoenoides = 57,0 20,3 _ 35,6 
Lagenor hynchus 5,85—5,36 | 54,2—53,0 | 17,0 48,7 87 ,3— 95,0 | 32,1—36,6 
Globleephata 3,74 39,7—45,0 | 15,1—15,8 | 107,4—123,0 | 35,0-—-38,0 
Orcinus 3,95 43,9 15,5—47,6 441,5 36,5 
Gram pus 4,92 54,4 24,4 410,7 39,4 
Kogia* —_ 50,0 15,7 — 31,4 
Physeter* 2,10 42,0 15,1—18,3 495 ,0 35,0 
Mysticeti 

Eschrichitus 3,3) | 42,6 14,0 129,0 32,9 
Embryo 2,72 44,6 13,0 164,0 29,3 
Balaenoptera borealis* ae ses 15,6 2s = 
Balaenoptera musculus* 3,84 ae 9,6 — _ 
Homo sapiens 5,40 47,0 16,0 87,0 34,0 


*One specimen of each. 


Total erythrocyte volume (hematocrit) fluctuates over a rather wide 
range in different cetacean species, from 40 to 57% (see Table 25); however, 
the significant fluctuations of this index even in the same species (from 
40.6 to 52.0% in the bottlenose dolphin) and its great similarity to that 
of terrestrial mammals does not allow us to draw any specific conclusions 
for the time being. The data on erythrocyte size are more significant: the 
average erythrocyte size is somewhat greater in cetaceans than terrestrial 
mammals. With reference to cetaceans, as is the case for other mammals, 
the general rule is confirmed: the larger the body, the larger the erythro- 


cytes (Figure 95). 


S. Ridgway and D. Johnston (1966) were the first to find a correla- 
tion in cetaceans between hemoglobin content of blood and activity of the 
animal. C. Lenfant (1969) even suggests that this parameter be considered 
an ecological index. Indeed, some data prove the existence of such a link. 
Thus, among the studied series of Tursiops, Lagenorhynchus, Phocoenocides, 
the lowest hemoglobin content was found in the bottlenose dolphin, which is 
the least mobile species (Ridgway, Johnston, 1966). The lowest hemoglobin, 
of all cetaceans examined, was found to be typical for Inia and all Mysticeti, 
which also coincides with the existing ecological data concerning their over- 
all activity. At the same time, the highest hemoglobin level was found in 
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Figure 95. 
Correlation between mean erythrocyte 
size and mean body size of. some 
cetaceans (Lenfant, 1969) 
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Grampus, which is by no means the most active form of toothed whales; consi- 
derable individual variations are also observed within specimens of the same 
species. All this indicates that there is a need for further confirmation 
of the findings. 


With respect to erythrocyte size (Table 26) and leukocyte characteris- 
tics (Table 27), there is no appreciable difference between baleen and toothed 
whales. 


The extremely high (as compared to other mammals) overall buffer 
capacity (Lenfant, 1969) may be considered the most specific characteristic 
of cetacean blood. For six examined Delphinidae species, it constituted a 
a mean of about 42 M/liter/P (maximum in Grampus griseus -- 49.2 M/liter/P, 
and visibly lower in Inia geoffrensis -- 29.9 M/liter/P). Unfortunately, 
for the time being, we do not have any data for other cetacean species. 


Concluding this survey of data on the characteristics of formed blood 
elements of cetaceans, we must note that the data are sparse and probably 
cannot be compared to one another. Until we have large and homogeneous 
enough data on all cetaceans, it will be difficult to discuss the signifi- 
cance of the above-mentioned differences in blood characteristics of differ- 
ent cetacean species. At present, such work is only beginning, and thus far 
we know of only one (!) hemomyelogram on cetaceans (for Delphinus delphis; 
de Monte, Pilleri, 1968). 


IV. Circulatory Distinctions 


Probably one of the most interesting general biological distinctions 
of cetaceans is the development of profound special adaptations for circula- 
tory regulation under conditions of continuous and extremely sharp changes 
in external pressure. 


K. Norris et al. (1965) showed that the diving rate of Steno bredanensis 
reaches a mean of 100 meters/minute; a trained bottlenose dolphin surfaced at 
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Table 26. Diameter of erythrocytes (microns) in baleen and toothed whales 
(according to the data of different authors cited by Quay (1954) 
and Lenfant (1969) 

a a ae ge ee a 





Pon, Bux Genus, species | x +S. | Lim | 0% | n 








Odontoceti 


Tnta 8,3 _ = - 

Globicephala melaena : 7,9 —- _ _ 

Phocoena phecoena 6,6—10,0 _- _ =< 

Del phinapterus 8,3+- 1,00 4,7—11,5 12,1 500 

9,0-+- 0,74 6,6—14 ,2 8,3 500 

9,7+ 0,75 5,8—13,2 7,7 500 

Physeter 10,5-+ 0,81 8,0—12,8 14,3 200 

10,7-+ 1,46 _ 8,67 200 

Tursiops truncatus 7,3 _ = _ 

Orcinus 8,6 = == = 
Mysticeti 

Balaenoptera borealis 8,0— 8,5 _ _ _ 

B, physalus 9,14 0,95 7,2—10,4 10,4 200 

B. musculus 9,34 41,1 — 12,2 200 

8,44 0,80 | 7,2-10,4 11,3 200 

Megaptera 7,7+ 0,70 _ 9,1 200 

9,0+ 0,90 -— 9,9 200 

8,2+- 0,70 6,4—10,2 8,5 200 


A 


a tate of 143 meters/minute (Ridgway, 1966). This means that within 1 or 2 
minutes the blood pressure should change by dozens of atmospheres in the 
organism of these dolphins. While diving, all the studied cetaceans demon- 
strate a sharp decrease in heart rate (bradycardia) (Figure 96). In spite 

of the fact that the bradycardia phenomenon was discovered for diving higher 
vertebrates 100 years ago (see survey by Irving, 1966; Elsner, 1969), its 
significance and distinctions have not been properly investigated not only 
with reference to cetaceans, but also most other mammals. At present, it 

is reliably known that bradycardia is inherent to all mammalian species with- 
out exception (including man), and that it is not always induced by diving; 
it could be elicited by any prolonged breath holding. Whales usually present 
a two-fold to five-fold decrease in heart rate (see Figure 96), but occas- 
ionally one observes even slower heart rate. 


S.P. Kolchin and V.M. Bel'*kovich (1970) demonstrated that in the com- 
mon dolphin and bottlenose dolphin bradycardia is due to a change in func- 
tional activity of cholinoreceptor regulatory systems of the myocardiun, 
due to 20-30-fold decrease in the constants of acetylcholine -- cholino- 
receptor interaction. Their analysis of the EKG of the studied cetacean 
species revealed that it greatly resembled that of Carnivora and man. Previ- 
ously, P. Scholander (1940) showed that the changes in the EKG during brady- 
cardia occur due to a longer diastole and elimination of the P wave. It was 
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Table 27. Incidence of different types of nuclear cells (%) in cetacean 
blood (according to data of different authors cited by deMont 
and G. Pilleri, 1968) 














Genus, | neutro-| gaso- : Other types 

Poth Seocied phils | phils! Eosino. Lymphoc| Monoc. of mee be 
Odontoceti 

Inia 34,0 0,5 22,5 38,0 4,5 _ 

Stenella 52,0 — 40,0 33,0 5,0 _ 

Delphinus 47,0 0,03 13,5 36,5 2,6 0,08 

Tur siops * 45-85 o—1i 5—40 8—30 0—6 _ 

Lagenorhynchus 33—70 0-1 5—35 10—30 1i—6 _ 

Orcinus 54,0 _ 1,0 38,0 4,0 3,0 

Globice phala 74 ,44-18,7 <4 749,2 | 18,8+6,2 2,5-1,5 _— 

Phocoena * 40—75 0-1 5—20 20—50 0-3 _ 

Phocoenoides 60—85 o—4 2-5 40—20 4-40 - 

Del phinapterus 39,4 4,2 9,0 39,3 11,4 — 

Physeter 26,5 1,5 15,0 33,0 2,0 21,5 
Mysticeti . 

B, physalus 34,0 = 25,0 33,0 2,0 6,0 

B, musculus 29,0 _ 17,0 48,0 4,0 2,0 

Megaptera 27,0 _ 22,0 50,0 3,0 5,9 


*Sharply differing and questionable data were not included. 


also established that with progressive training of the bottlenose dolphin 
for deep diving, the rate and extent of development of bradycardia increased 
by 50-60% (Elsner, 1969). 


J. Kanwisher and Senft (1960) took cardiograms on a young finwhale 
that had dried on the shore. The pulse rate was found to be 27 per minute 
(the exhaled air contained 1.4-1.6% carbon dioxide and 19.2~19.3% oxygen). 
According to the data of K. Tokito (Tokito et al., 1960), the mean pulse 
rate of a bottlenose dolphin in an oceanarium constitutes about 100 beats 
per minute (with a range of 81 to 137). According to the data of J. 
Kanwisher and A. Schulte (1960), during a dive thefin whale showed a heart 
rate drop to one per 4 seconds (about 15 per minute), and the killer whale 
showed a 50% drop during diving (60 and 30 beats per minute) (Slijper et 
al., 1967). However, even these considerable figures do not distinguish 
cetaceans with respect to this feature, as compared to other mammals, for 
some of which we know of a 54-fold (!) change in heart rate (Harrison, 
Tomlinson, 1964). 


At present there is not a single investigator who questions the fact 
that bradycardia constitutes a perfect adaptation to breath holding. This 
is convincingly indicated by the fact that bradycardia increases in trained 
swimmers (Golovanov, Yablokov, 1967). However, in many respects the nature 
of this adaptation is not quite clear. 
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We know that in the course of breath holding a large quantity of lactic 
acid accumulates in blood and, under hypoxic conditions, it cannot be acidu- 
lated to carbon dioxide and eliminated through the lungs. This means that 
a slower circulation during breath holding is possible and purposeful from 
this point of view. Slower flow of blood should not affect the activity of 
muscles in which cetaceans find an enormous reserve of oxygen in the form 


of special myoglobin. 


As we have already mentioned, about half of all the stored oxygen 

in cetaceans is contained expressly in myoglobin. But there are some organs 
(and first of all the central nervous system) that are deprived of any oxygen 
reserves and that exist only on the oxygen delivered by blood. Probably the 
delivery of blood is rather uniform, and this is aided by the rete mirabile, 
which equalizes pressure (not the hydrostatic penetrating pressure, but pre- 
cisely the pressure created by the myocardium). Probably, even when there 
are multiple changes in heart rate, the blood will supply brain tissue almost 


uniformly. 


After surfacing, the period of low cardiac activity is followed by a 
period of hyperfunction, extremely active work. At this time, the actively 
circulating blood gets rid of lactic acid and carbon dioxide, and carries 
new stores of oxygen to all areas and is oxygenated itself. Incidentally, 
the fact that the heart is also a muscle for whose active function a large 
quantity of oxygen is required does not play the least part in development 
of bradycardia; of course, at a slower of rate of function, there may be a 
diminished oxygen consumption in the myocardium. 
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Table 28. Results of ring precipitation reaction (Borisov, 1969a) 











Albumin Antisera 
Amb6yMun Vaiti= } "anti- vanti- "Anti- | "Anti- 
sperm wh." finwh.” {killer wht py." horse" 
Physeter 1024 256 128 128 128 
Balaenoptera 512 512 128 128 128 
Bos 258 _ _ 5412 512 
Equus 2 2 _ 4 4u24 
Canis _ — _ = 256 





Of the other distinctions of cetacean circulation, we should mention 
the unique circulation in the complex vessels that is related to thermoregula- 
tion. In the recent exquisite experiments of R. Elsner (1969), during which 
a roentgenopaque solution was injected in the blood of a normal bottlenose 
dolphin, the function of arterial and venous vessels was recorded at differ- 
ent ambient temperatures. These experiments corroborated completely the 
assumption of A.G. Tomilin (195la), P. Scholander, and W. Schevill (1955) 
concerning the involvement of the vascular system of the flippers and fins 
in thermoregulation of the cetacean organism. 


In view of the wide development of refined experimental studies on 
live animals, we can expect demonstration of many circulatory distinctions 
of cetaceans on live animals, about which we can now merely voice more or 
less justified assumptions. 


V. Some Aspects of Blood Protein Studies 


Investigationsof erythrocyte antigens of cetaceans pursued for almost 
20 years have demonstrated different blood group systems that are typical for 
some species (Fujino, 1953, 1956a, 1962, 1964, and others). It was found 
that the humpback, for example, presents specific distribution of blood 
groups in different habitats, which allows us to refer with greater certainty 
to independence and size of population (Nishiwaki, 1959). There is a differ- 
ence in blood types encountered in the finwhale in different whaling sectors 
of the Antarctic, and of sperm whales in different parts of the Pacific and 
Antarctic (Cushing, 1962; Fujino, 1963c). The data concerning blood groups 
in the finwhale led to the conclusion that in cetaceans there is intra- 
uterine selection based on incompatibility between maternal and fetal blood 
(Fujino, 1963a). 


The recently published data on electrophoretic analysis of serum pro- 
teins in some dolphins (Gallien, 1967; Monte, Pilleri, 1968a) provide a good 
foundation for systematic investigation in this direction. In the works 
mentioned, electrophoregrams of sera are submitted that are typical for the 
Stenella, gray dolphin, porpoise, and common dolphin. Demonstration of 
individual variability, manifested by different electrophoretic mobility of 
some proteins, allows us to refer to serum groups of blood, i.e., we can use 
electrophoresis as a method of population genetics studies on cetaceans. 
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Since some proteins that have the same electrophoretic mobility may present 
immunological differences, apparently it would be useful to use electro- 
phoresis combined with the precipitation reaction in some cases. 


Incidentally, the precipitation reaction has already been used to 
study cetaceans, but heretofore its use was limited to macroevolutionary 
questions. The first attempts of this sort are apparently referable to 
the 1920s (Fuse, 1925), but there was a particular increase in interest in 
serological similarity of different cetacean groups after publication of 
the work by A. Boyden and D. Gemeroy (1950). As we know, A. Boyden and D. 
Gemeroy, using the precipitation reaction, compared the serum proteins of 
the blood of the sperm whale, pygmy sperm whale,fin whale, and several 
terrestrial mammals. With a mean approximately 2% antigenic similarity 
obtained when comparing different orders, a greater similarity of serum 
proteins was distinctly demonstrated between cetaceans and Artiodactyla (on 
the order of 11%). 


Recently, such comparison of whole sera and albumin fractions isolated 
from them was again conducted using other modifications of the precipitation 
reaction (Borisov, 1969a-b). Using immune rabbit sera, comparison was made 
of the proteins of the sperm whale, finwhale, pygmy biue whale, and killer 
whale to the proteins of Insectivora, Carnivora, pinnipeds, Artiodactyla, 
and Perissodactyla. The results of some series of comparisons are quite 
significant (Table 28). The titers in the ring precipitation reactions sub- 
mitted in Table 28 are indicative of great antigenic similarity of albumins 
of baleen and toothed whales, as well as the fact that serologically bovine 
albumins are closer to them than those of the horse and dog.* The results 
of running reactions with these albumin fractions in gel also lead to the 
same conclusion. The use of specific absorption of antisera made it possible 
to demonstrate greater antigenic similarity of killer and sperm whale albumins 
than with those of the blue whale. Thus, it can be concluded from the work 
cited, first, that there is greater antigenic similarity of blood serum pro- 
teins in the studied species of toothed and baleen whales than between 
cetacean proteins and the proteins of other mammals; second, of ali the 
mammals studied, the Artiodactyla are serologically closest to cetaceans. 


As we summarize the above data, it is obvious that investigation of 
blood proteins is promising both to solve microevolutionary problems of exist- 
ence and degree of independence of different populations within a species, 
seasonal changes, population genetics, as well as to establish relationships 
between cetacean groups on different taxonomic levels. 


*The reactions of antisera against the proteins of the sperm whale and fin- 
whale with equine albumins (see Table 28) should be considered negative. The 
same precipitation ring in these cases was obviously formed due to a small 
admixture of globulins in the preparation (Borisov, 1969a). 


-— 166 - 





7 


\ 


Figure 97. 

Diagram of location of main lymph 
nodes in the body cavity of Delphinus 
delphis (according to Rakhimov, 1968) 

1) deep cervical node 

2) deep jugular lymphatic trunks 

3) subclavian veins 

4) ostium of thoracic duct 

5) precardiac portion of thoracic 

duct 

6) paraaortic nodes 

7) anastomosing vessels 

8) hepatic node 

9) kidney 
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VI. Structure of the Lymphatic System 


Works have been published in recent 
years dealing with the structure of 
both the lymphatic system as a whole 
in some species (Rakhimov, 1967, 1968), 
and of different organs (Bespalova, 
1966). 


Ya.A. Rakhimov, who investigated 
the structure of the lymphatic system 
of the common dolphin, demonstrated 
that there are one or two large iliac 
band-shaped lymph nodes located on 
the ventral surface of the lumbar 
muscles; paired presacral lymph nodes 
are not demonstrable in all specimens, 
while 6-8 mesentery lymph nodes are 
always demonstrated between the mesen- 
tery layers dorsally and along the 
rectum. As shown by L.S. Bespalova 
(1966), the entire lymph of the cen- 
tral and distal segment of the anterior 
intestine of the common dolphin collects 
into one common conglomerate node, thus 
retaining the structure that is prob- 
ably typical for ancestral forms of 
mammals. 


Between the angle of the mandible 
and thyroid cartilage of the larynx 
in the dolphin, there is a deep cer- 
vical lymph node (Rakhimov, 1968); 
to the right of the thoracic aorta 
there are segmented band-shaped para- 
aortic nodes (Figure 97). The mesen- 
tery lymph vessels and deferent ves-— 
sels of the reproductive glands form 
the caudal part of the lumbar lymphatic 
trunk in the dolphin. This is always 
a single trunk, which receives afferent 
lymphatic vessels from the iliac nodes 
on the right and left, it passes 
between the kidneys, to the left of 
the aorta, and without forming a cis- 
tern, continues directly into the 
thoracic duct. The paraaortic lymph 
nodes are connected through two trans- 
verse anastomoses to the trunk of the 
thoracic duct. The efferent vessels 


- 167 - 


Figure 98. 

Diagram of location of main arteries 
and carotid body in Globicephala melaena 
(Kernan, Schulte, 1918) 

1) retia mirabilia 

2) a. subclavica 

3) a. innominata 

4) aorta 

5) carotid body 
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of the right and left deep cranial cervical node form the right deep jugular 
lymphatic trunk, entering directly into the ostium of the thoracic duct. 


As noted by Ya.A. Rakhimov (1968), it is only in the dolphin, some 
species of Artiodactyla Gildram* sheep, deer, goat) and in some of the 
studied Macaca there is no thoracic cisterna, whereas in the other 26 studied 
species of Artiodactyla, Perissodactyla, Carnivora, primates, Insectivora, 
and Chiroptera, there is always some form of developed cisterna. On the 
other hand, the dolphin differs from all Artiodactyla and several other 
groups of mammals in the nature of transition from the thoracic lymphatic 
duct on the right side of the body to the left, which can be traced only 
in some rodents, Insectivora, and Chiroptera. 


The existence of some stable characteristics of the lymphatic system 
allows us to assume that future comparative anatomic investigation of this 
system in cetaceans holds some promise with regard to finding signs that 
would add greater clarity to the phylogenetic relations between the exist- 
ing groups of cetaceans. On the other hand, such investigations may help 
determine the specific adaptive features in structure of the lymphatic 
system. 


VII. Other Structures of the Vascular System 


In this section we shall discuss the existing data on morphology of 
carotid body, the spleen, and overall quantitative characteristics of the 
bone marrow of cetaceans. All these organs are closely related to normal 
function of the vascular system, though the existing information pertaining 
to any of these systems cannot be considered adequate. 


*Ovis ammon polii. 
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Table 29. Relative weight of spleen in some dolphins, different age and 
sex groups (according to Kleynenberg, 1956a) 


Grouped according 
t Spleen 


age sex index 


Delphinus det phis 











Embryos male 0,84 6 
femal 0,80 9 
Yearlings | male 1,74 7 
fem. 1,38 5 
Adults male 0,83 25 
fem. 0,89 25 
Adults male er 0,89 ) 59 
spring 
mes 1,08 50 
(fall) 
Phocoena phocoena 
Adults male 0,13 26 
female] 0,13 | 24 
Tursiops truneatus 
Adults male 0,76 21 
female! 0,50 | 29 











A. Carotid Body 


The carotid body of the fin whale (Cock, 1960) is located, as in other 
mammals, at the bifurcation of the common carotid artery (Figure 98). It 
does not have a connective tissue capsule and contains many ganglion cells 
and neuroblasts. 


B. The Spleen 


The spleen, which is the most important hemopoietic organ, is located 
on the greater curvature of the first segment of the stomach in all cetaceans. 
The shape of this organ is extremely variable: it ranges from a single oval 
or triangular structure to several independent sections varying in size. 

Such a divided spleen is encountered in both baleen and toothed whales 


(Slijper, 1958). 


The size and weight of the organ fluctuates rather significantly 
in different species, constituting, according to the data of E. Slijper 
(1958), 0.01-0.6 0/00 of body weight in the porpoise, 0.9 in the bottlenose 
dolphin, and 0.04-0.13 0/00 in rorquals. S.Ye. Kleynenberg (1956a) demon- 
strated variations in the size of this organ in different age and sex 
groups of dolphins, depending on the season at which the study was made 


(Table 29). 
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Table 30. Weight characteristics of skeleton and bone marrow of the common 
dolphin (according to Korzhuyev et al., 1965) 








Animal's | Skeleton Axial -| Wt:of Wt.of bone marrow 
; Skull wt f 
weight, | Wt-, % of skel.wt.| pect.limbs'% of weight of 
kg body wt. 
% of skeleton weight skel. | body 
29,4 7,2 37,3 51,5 14,2 28,2 2,5 
47,6 9,6 36,3 52,2 11,5 29,9 2,8 
63,9 8,4 33,4 52,6 11,3 27,2 2,4 


The existing data lead us to the following conclusions. 


In the first place, the weight of the spleen may vary in different 
cetacean species. Table 29 shows, for example, that the relative weight of 
the porpoise spleen is several times less than in other dolphins. 


In the second place, in the course of ontogenesis, there are some 
fluctuations in spleen weight, and these fluctuations are rather complex 
(the relative weight of the embryonic spleen is close to that of the adult, 
but it is markedly increased in young animals). 


In the third place, there is no visible sexual dimorphism with regard 
to degree of development of the organ in all three dolphin species examined. 


Finally, in the fourth place, these data confirm the existence of 
certain differences that are related to the time of year during which the 
studies were pursued. 


As indicated by E. Slijper (1958a), in all cetaceans as a whole, the 
relative weight of the spleen is several times less than in terrestrial 
mammals. The cetacean spleen is characterized by the presence of a double- 
layered capsule, the internal layer of which contains a considerable number 
of muscle fibers, without a peritrabecular neuroplexus; there are no venous 
sinuses or muscle cells in the stroma of this organ; in the lymph nodules 
the nerve fibers are arranged only on the periphery (Zwillenberg, 1958, 
1959). At the same time, a histological study demonstrated the presence 
of very specialized structures that reveal features that are also typical 
for the spleen of ungulates and carnivorous mammals. 


C. The Bone Marrow 


We have already discussed the distinctions in structure of bone tissue 
of cetaceans (see Chapter 3); however, we did not mention one of the very 
important functions of the skeleton, hemopoiesis. If we assume that the 
weight of the skeleton directly reflects the quantity of bone marrow con- 
tained in it (and such an assumption has thus far been made on the basis of 
pure logic, without any quantitative data), it would be interesting to make a 
special analysis of these data (Table 30). 
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The relatively small quantity of bone marrow in the dolphin (about 
2.5% of body weight, which is 50% less than, for example, in the northern 
deer; Korzhuyev et al., 1965) is attributed to the possible development in 
cetaceans of another site of hemoglobin synthesis: the striate musculature. 
These same authors observe that the dolphin's skeleton is almost 50% lighter 
than that of large cetaceans (sperm whale, fin whale, sei whale), in which 
the weight of the skeleton constitutes 25-30% of the total body weight. 


We must add that the red marrow content fluctuates considerably in 
different parts of the skeleton. For example, in the blue whale and fin whale 
there is no red marrow at all in the bones of the extremities and chevron 
bones; it is present in small quantities in the ribs, scapula, hyoid bone, 
and skull bones (Feltmann, et al., 1948; Ohe, 1950). 


Furthermore, there are sharp age-related changes in bone marrow con- 
tent in different vertebrae. 


VIII. Some Features of Cetacean Adaptation to Diving and Prolonged Submersion 


Our information about the adaptive features of marine mammals is based 
primarily on indirect data, since direct observations and experiments are 
quite difficult to perform on these animals. But even now, one would think 
that we already know the principal features of adaptation of these animals 
to submersion. 


The streamlined, torpedo-shaped body and reorganization of muscula- 
ture provide for rapid submersion and surfacing. The presence in the organ- 
ism of only one portion of air taken into the lungs prior to submersion 
explains the lack of caisson disease when rapidly surfacing from a consider- 
able depth. The enormous amount of hemoglobin in the muscles (myoglobin) 
makes it possible for a considerable quantity of oxygen to be stored while 
the animal is on the surface. The myoglobin-bound oxygen is apparently 
used solely for muscular work. This circumstance explains the possibility 
of a sharp slowing of circulation (heart rate) during periods of submersion. 


In cetaceans, hemoglobin has a greater capacity to bind oxygen than 
in terrestrial mammals. 


In spite of the fact that the whale lungs differ negligibly from 
those of terrestrial mammals with regard to relative size (see Chapter 6), 
whereas the relative capacity is even smaller in the former (large cetaceans), 
the cetacean lungs show a much more complete renewal of air with every 
respiratory act than the lungs of terrestrial mammals (about 5% oxygen in 
exhaled air versus 11-13.5% in man). Thus, W. Schevill (1961) showed that 
in the bottlenose dolphin up to 90% of all pulmonary air is replaced in one 
respiration and up to 79% in the porpoise. In other words, the quantity of 
dead air in the cetacean lungs is very small. On the other hand, some 
important distinctions have been found in the distribution of stored oxygen 
in the body of cetaceans as compared to terrestrial mammals. 
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In man and cetaceans (Slijper, 1962), oxygen (%) is distributed in- 
the organism in the following manner: 


Other 

Lungs Blood Muscles Organs 
Man 34 41 13 12 
Whales 9 41 41 9 


The adaptive significance of such distribution of oxygen in the organ- 
ism of cetaceans is extremely great: during a lengthy interval in breathing, 
the oxygen-saturated muscles do not require blood oxygen, and the latter 
oxygen contained in blood and in the air of the Lungs can be completely used 
for organs that do not have a store thereof, and first of all the tissues of 
the central nervous system. 


A living organism moving actively in a dense environment expends the 
vast majority of its energy on muscular activity. Chemical conversions occur- 
ring during muscular contraction constitute the central element in trans- 
formation of chemical energy into mechanical energy. 


Very generally, it may be stated that in the course of muscular func- 
tion a glycolytic process takes place in the muscles during which glucose 
is converted into lactic acid. The assumption appears plausible that 
anaerobic processes are potentially capable of yielding a significant quan- 
tity of energy for muscular activity and that expressly this constitutes one 
of the important adaptations of cetaceans to prolonged intervals between 
breathing (Yablokov, 1965). It is important to consider the possible means 
of access of a large enough quantity of "fuel" -- glycogen or glucose -- 
to the muscles during deep submersion. The liver of marine mammals is 
connected to enormous vascular elements. Perhaps the role of such blood 
reservoirs that are located in the liver is to saturate the blood retained 
here with a maximum quantity of carbohydrates. 


Thus, the blood passing to functional organs should carry much more 
carbohydrates that are necessary for energy. But what is the source in 
cetaceans of such an enormous quantity of carbohydrates that are required 
to supply energy to muscles? It is inconceivable that they are all stored 
in advance in the liver for dozens of minutes of function. Evidently, the 
fact that whales eat intensively during submersion is also quite signifi- 
cant (and perhaps decisive). In some cases the stomach of a whale that has 
just surfaced reveals half-digested and sometimes completely digested parts 
of food. This means that digestive processes are rather active at consider-— 
able depths. Yet the digestive process in higher vertebrates provides imme- 
diate saturation of blood with carbohydrates. Is this not the key to the 
mystery of how whales are constantly supplied with new portions of energy? 


During submersion, it is important to have exact information about 
the coordinating centers of the nervous system concerning the need to surface. 
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It is believed (Kleynenberg, 1956b) that in cetaceans the COz concentration 
is not a signaling factor with respect to surfacing. 


At any depth, the pressure has a penetrating action, and all organs 
of the animal's body should be exposed to a pressure that is close to hydro- 
static. This means that at a depth of 1,000 meters the air in the lungs will 
be compressed with a force of 100 atm and that all metabolic processes in 
the muscles, intestine, and all other organs would proceed under such a 
colossal pressure. In view of the fact that whales may spend 10-12 hours 
a day under water in the search for food, it may be stated that a significant 
part of the whale's life is spent under high pressure. 


The tissues of the whale body consisting mainly of fluid are virtually 
incompressible, so that pressure is not dangerous to them. Nor is such a 
high penetrating pressure hazardous to the circulatory system, since the 
heart will create a certain excessive pressure equaling the usual arterial 
pressure or close to it under any penetrating ambient pressure, and this 
permits the blood to be propelled through the vessels. 
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Chapter 8 
GENITOURINARY SYSTEM 


In view of the transition of cetaceans to an aquatic form of life, 
there had to be a sharp change in nature of fluid metabolism and, consequently, 
excretion. The integument of cetaceans has no excretory glands, whereas in 
terrestrial mammals excretion of products of metabolism through the skin is 
of enormous vital significance. On the other hand, Cetacea are continuously 
exposed to other conditions of sodium metabolism, because fresh water is never 
taken in. Life in water left a certain imprint on reproductive organ structure 
as well. 


I. The Urinary Organs 


There are sparse data on the structure of all urine-excreting areas. 
Investigators have been greatly concerned only with the kidney, and we shall 
begin our description with it. In this same section, it would probably be 
correct to mention the structure of such organs as the adrenals and prostate 
(which are not functionally related to excretion of urine but are topographically 
referable to the genitourinary system). 


A. Kidneys 


The kidneys of all studied cetaceans have many lobes and consist of 
hundreds and occasionally thousands of separate lobules (Table 31). 


Occasionally it is difficult to make an exact count of the lobules. 
Some lobules may be joined to one another, with merging not only of the lobes 
but also excretory ducts and large blood vessels (Kleynenberg et al., 1964). 
In such large dolphins as the beluga, a single renal lobe is up to 2.01.5 cm 
in size and weights up to 1.5 grams. T. Kamiya (1958) also demonstrated that 
the number of lobules is never the same in the right and left kidney of Cetacea, 
and that it is unrelated to sex or age of the animal. 


The structure of the renal lobule is similar in baleen and toothed 
whales in its general featrues, and resembles that of terrestrial mammals. 
Thanks to the series of studies of A. Cave and F. Aumonier (1965, 1967), we 
know the structural details of renal lobules of some species of baleen and 
toothed cetaceans; in particular, it has been learned that there is a special 
structure that does not exist in the kidneys of other mammais, the sporta 
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perimedullaris which is a firm connective tissue interlayer on the boundary 
between the cortical and medullary layer of the lobule (Figure 99). This layer 
has the appearance of a "basketball basket" and is more distinctly developed 


in adult animals. 


Table 31. Number of renal lobules and pelves in some Cetacea 


Genus, Reniculi in |Pelve Mean pel 


Re Fac ea Ae a eR ee et eR Se ON ee nr ae ree eee 
Be 
Pow, Bu species ris ht (left) right (ett) ve jxbnid Astop Author 
{ 


Platanista Go | = | Siiiver, 1958a 











Stenella 270-844 (257—386)|303—-435 (304—466)| 44g | Kamiya, 1968 
Delphinus 269 (249) 415 (386) 1,54 " 
459 _ = Anthony, 1926 
Stenella frontalis Orono 800 About = = Mattews, 1950 
Tursiops truncatus 375 542 1,48 Kamiya, 1958 
Orcinus 4217 2024 4,67 " 
Grampus 378 (381) 394 (402) 4.05 » 
Globice phala 641 906 1,67 ba 
Neophocaena 138—185 (132—154)|152—240 (156—205)] 449 . 
Phocoenoides 389 (409) 492 (495) 1.28 | Kamiya, 1958 
Del phinaplerus 948 (977) _ a Kleynenberg et al., 
Mesoplodon sp. 474 _— a5 Anthony, 1922 1964 
Ziphius 1912 2743 4,43 Kamiya, 1958 
Physeter Oxono 2000 _ _ Berzin, 1970 
Pubalaend 5377 10156 1,90 | Kamiya, 1958 
B. acutorostrata 4250 4290 1,00 Mi 
B. borealis Oxono 1350 x = Schulte, 1916 
Oxono 2100 _ _ Our data 
3254 des a Hosokawa, in 
B. physalus 5998—6372 = oe Gmmaney, 1832 
B. musculus Oxono 3000 _ = Beauregard, Boulart, 
4882 
Oxono 3000 —_ _ Daudt, 1898 
Orono 3000 _ - Matthews, 1950 
Oxono 1800 a = 


Our data (embryo) 
a at a 





In both thefin whale and porpoise, as shown by the studies of Van Spoel 
(1963), each lobule receives only one branch of the renal artery which, after 
entering the lobule, divides into arteries that travel between the medullary 
and cortical layers (in the region of the above-mentioned sporta) and 
arteries that carry blood to the Malpighian glomerules, the chief site of 
secretion of urine. There are numerous anastomoses between afferent and 
efferent vessels in the glomerules, and the vascular plexi around the renal 
pelvis, between the cortex and medullary layer of the lobule, and around the 
ureter are so closely interrelated that it is difficult to draw distinct 
boundaries between them. R. Anthony (1922), who compared the size of kidneys 
in different cetaceans, demonstrated that there are some differences between 
different species with respect to length of the kidney. The widest, almost 
round kidney is demonstrable in Platanista; the kidney of the dolphin occupies 
an intermediate position; beaked whales and rorquals have very long and narrow 


kidneys. 
S.1/5 = 





Figure 99. Diagram of a renal lobe in Balaenoptera acutorostrata 
(according to Cave, Aumonier, 1964) 


Legend: 
c) corticla substance Ya) artery 
m) medullary substance rv) vein 
s) sporta vp) collecting tubules 


The relative weight of the kidney (in relation to body weight) also 
varies in different cetacean species (Table 32). 


Table 32. Relative kidney weight (% of total animal weight) in cetaceans 


Genus, species Kidney weight Notes 
Delphinapterus 0.45-0.40 15 adult specimens (Kleynenberg et al, 
0.69 4 embryos “ 1964) 
0.55 Slijper, 1958a 
Phocoena phocoena 0.95(0. 46-1. 76) 12 neonates and juvenile specimens 


(Slijper, 1958a) 
0.93(0.53-1. 31) 16 adult males and females (Slijper.1958a) 


0.53 26 males (Kleynenberg, 1956a) 
0.54 24 females (Kleynenberg, 1956a) 
Tursiops truncatus 0.61 21 adult males (Kleynenberg, 1956a) 
0.69 29 adult females iy 
1.14 Slijper, 1958a 
Lagenorhynchus 0.93 " 
Physeter 0.48 a. 
Eubalaena 0.11-0.29 Omura, 1958 


As can be seen from the data submitted in the table, the relative weight 
of embryonic and juvenile specimens is somewhat greater than that of adult 
animal's kidney. This is also indicated by the data obtained by S.Ye. 
Kleynenberg (1956a) who made a comprehensive study of the dynamics of changes 
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the weight of internal organs of the common dolphin (Table 33). These data 
confirm the need to study a large enough number of specimens in a homogeneous 
age and sex group, at the same time of year, in order to obtain comparable 
indices. 


Table 33. Relative weightof kidneys of male and female Delphinus delphi in 
different age and sex groups at different times of the year 
(according to Kleynenberg, 1958a) 

















idne i j 
‘Non Sex Bospact Age "o/s | n iWon Sex | Bospacr aad Kigney,, | n 
Embryos M&F Adults 
Camon M OmO6pHonnt 13,28 6 |Camnn a Bspocane 5,44 50 
Camnn F » 13,32 9 |Camxa (secHa) 
(spring) 
‘Camubt M lo 1 roga 8,01 1 
Camnn FF TO » YX 7,83 5 |Caman w » pes 50 
ocen, 
‘Camusr M | Bapocane 5,25 95 |CaMRH M&F ney 
Cc » 
aMKa F aaane 5,65 25 











There is some asymmetry in kidneys of whales: even in one species 
either the right or left kidney could be larger (Kleynenberg et al., 1964). 


In conclusion, let us indicate that cetaceans show virtually no differ- 
ence from most terrestrial mammals with respect to relative weight of the 
kidneys; for example, the relative weight of the wolf kidney constitutes .62 
(referable to 46 adult specimens; Kleynenberg, 1956a); several terrestrial 
mammals with approximately the same size body as small dolphins have kidneys 
with a relative weight of about 0.48 (Slijper, 1958a). 


The biochemical composition of the whale kidney is interesting (Table 34). 
Table 34. Biochemical composition of the kidney and pancreas of the cachalot, 


sei whale, and fin whale (Arai, Sakai, 1952) 

















Genus, Water {|Protei Fat calcium Phosph] Iron Sodium chloride 
species % % % mg% mg% mg% mgs 
Kidneys Tloaka 
Physeter 66,5 15,0 17,3 36 107 re 634 
B. borealis 79,8 46,4 2,7 19 474 6 204 
B, physalus 76,5 49,0 3,5 24 80 7 530 
-B, physalus | 79,6 46,0 3,3 14 162 6 278 
Tlonnenygowwan e7e3a Pancreas 
‘Physeter 40,7 2,8 56,2 9 35 24 0 
B, borealis 75,5 17,9 4,8 414 386 4 460 
B. physalus 77,5 16,4 4,5 31 446 44 342 
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B. Ureters 


Starting at the caudal end of the kidney, the ureters extend under the 
peritoneum posteriorly toward the bladder and, as they curve, they enter the 
thick dorsal wall of the bladder posteriorly (Figure 100). As a rule, the 
right and left ureters are not of the same length, because of the dissimilar 
position of the kidneys in the body. 





Figure 100. Diagram of location of seminal canals (dd), male 
uterus (um), bladder (vu), rectum (r) of Delphinapterus 
(A) and Mesoplodon (B) (Anthony, 1922; Kleynenberg et al., 
1964) 


The structure of the ureteral wall of whales is similar to that of 
terrestrial mammals. The mucosa, which consists of stratified epithelium of 
the transitional type, is gathered into low, longitudinal folds (Kleynenberg 
et al., 1964) and apparently it is readily distendable. Ureteral ampullae 
have been demonstrated (Anthony, 1922) in the bladder wall of some species of 
Odontoceti (for example, the Mesoplodon). 


There are fine glandular lobules at the very start of the ureter the 
nature of which is unknown in some toothed whale species. 


C. Bladder 
The whales have a relatively small, pear-shaped bladder. There is a 
rather wide range of absolute sizes of the bladder in different species (from 


a few centimeters to several dozen centimeters, with a capacity of 100-200 cc 
to 15-20 liters). 
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The structure of the bladder wall is different in cetaceans from that 
in terrestrial mammals. Fibers of the longitudinal muscle layer are located 
under the peritoneum. Then follows a well-developed layer of transverse circu- 
lar fibers and again a layer of longitudinal muscle fibers (which is much more 
developed than the external one). The last layer of longitudinal fibers is 
in the connective tissue that is well developed under the mucosa. The circular 
muscle layer is significantly developed in the vertex and central parts of the 
bladder and markedly reduced in the direction of the cervix (Yablokov, 1961). 
In the finwhale, the most developed musculature is demonstrable in the middle 
of the bladder (up to 5 cm in thickness). 


The vesicular mucosa is gathered in longitudinal folds starting in the 
middle of the bladder and directed lengthwise; these folds continue in the 
urethra. The number of such folds varies in different species. 


The ureters open on the dorsal surface of the bladder, usually in 
its last third, and they are not all on the same level. The ureteral orifices 
are either on the floor of shallow furrows or folds (Kleynenberg et al., 1964), 
or on the crests of the folds (Matthews, 1950). 


Within the body cavity, the bladder is attached by lateral ligaments 
travelling from the walls of the abdominal cavity to the anterolateral margins 
of the bladder. There is no difference between the structure of the male and 
female bladder. 


D. The Urethra 
The cervix of the bladder gradually changes into a short urethra. 


There is a vascular body on the ventral side of the urethra of toothed 
whales. The so-called urethral crest is located on the dorsal wall of the 
urethra. At first it is low and resembles all other folds filling the urethra, 
then it increases in size and forms the seminal colliculus (Figure 101) which 
occupies almost the entire urethra. 


The vascular body is particularly developed at the level of the seminal 
colliculus. According to our observations of the fin whale, there can be sub- 
stantial differences between baleen and toothed whales with regard to structure 
of the urogenital canal. In the beluga (Kleynenberg et al., 1964) and Stenella 
(Matthews, 1950), this canal is formed from the depression of the seminal ducts 
on the seminal colliculus into the cavity of the urethra. In the finwhale and 
blue whale, the urethra and seminal canals do not open on the urethral crista, 
but on an isolated papilla prominating in the lumen of the urethra. It should 
be noted that the entire region of the urethra of the finback is surrounded by 
a well-developed layer of circular striate musculature, which is not present 
in the beluga. It is extremely interesting to analyze the structure of this 
part of the genitourinary system of other representatives of baleen and toothed 
whales. 


Dispersed parts of the prostate are located at the end of the urethra 
and in the region of the seminal colliculus of baleen and toothed whales. Its 


yo oe 


excretory ducts, in the form of numerous minute orifices, open on the surface 


of the walls, at the very beginning of the urogenital canal and at the end of the 
Seminal ducts (see Figure 101). 


/ 
/ Figure 101. 
su Diagram of location of ureters (u), bladder 


(vu), urethra (uu), seminal colliculus (cs), 
seminal ducts (dd), and genitourinary canal 
(um) in an adult male Delphinapterus leucas. 
The dots indicate the glandural regions 
(Kleynenberg et al., 1964) 
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In the supericr portion, at the cervix of the bladder, the urethral 
mucosa is collected in folds passing from the cervix of the bladder. The 


folds are very large in Stenella frontalis, Phocoena phocoena, and Kogia brevi- 
ceps (Oudemans, 1892; Matthews, 1950). 


In females, because of the presence of folds, the urethral orifice is 
star-shaped, and it is located near the clitoris. 


Figure 102. 
Diagram of location of ureteral orifices 
and seminal ducts (according to Anthony, 
al Meet deg 1922, with additions) 
a Legend: 1) Delphinapterus 
2) Mesoplodon 
3) Phocoena 
4) Balaenoptera 





++ Urethrus 
+» Vasa deferentia 
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The structure of the urethra of baleen whales has not been studied in 
detail, although there are some data indicative of the existence of specific 
distinctions in structure and location of ureters and adjacent parts of organs. 
According to the data of R. Anthony (1922), it is several times shorter in 
rorquals, so that the ejaculatory ducts open very close to the cervix of the 
bladder (Figure 102). 


E. The Prostate and Adrenals 


The prostate of toothed whales usually consists of two parts. The 
diffuse part (surrounding the seminal colliculus, distal parts of the seminal 
ducts, and start of the urogenital canal) consists of small lobes. The ducts 
in this part of the gland are very small and numerous, and they open on the 
surface of the distal seminal ducts, at the start of the urogenital canal. The 
main part of the prostate in toothed whales is located at the base of the penis 
(Figure 103). In all examined adult specimens, the prostate was large, multi- 
lobed, actively secretory, with a well developed bulbocavernous muscle (nm. 
compressor prostata). This has also been found in beluga, Stenella, porpoises, 
and the common dolphin (Matthews, 1950; Kleynenberg et al., 1964; Harrison, 
1969). It is interesting to note that with regard to general development of 
the prostate toothed whales resemble carnivorous mimal and differ markedly from 
ungulates (Slijper, 1966). 





Figure 103. Prostate and adjacent structures in Stenella sp. 
(Matthews, 1950) 


Legend: 
PC) connective tissue sheath of the prostate CC) corpus cavernosum 
RP) retractor of penis CS) colliculus seminalis 
UA) urethra CP) m. compr.prostatae 
BC) m. bulbocavernosus POS) posturethral prostata 
BU) bulbus urethrae CR) crus corpus cavernosum 


The adrenals of baleen and toothed wales are flat, of an irregular oval 
shape (the surface is cerebroid with numerous fissures in the cachalot). The 
sizes in some species are given in Table 35. 
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Table 35. Weight of adrenals of some adult cetaceans 


drenal weight 


Asrop Author 








e % 
grams 
Del phina pterus an 0,06 | Kleynenberg et al., 1964 
15-57 od Quay, 1957 
Phocoena ? 0,16 (0,45—0 ,39) Slijper, 1958a 
Physeter 500 Our own data 
Lagenorhynchus I = 0,19* Slijper, 1958a 
Mysticeti ey ce 0,07 Schubert, 1955 


*Immature animal 


The ventral side is covered with peritoneum, the dorsal side is adjacent 
to the wall of the abdominal cavity. In Stenella, Delphinapterus, and the 
Sperm whale, the adrenals are anterior to the kidney, in the immediate vicinity 
of the base of the diaphragm; in Delphinus and Phocoena, the adrenals are 
occasionally closely adherent to the anterior margin of the kidney (Matthews, 
1950). In the blue whale embryo we examined (1.77 meters), they are located 
between the anterior portions of the kidneys. 


The weight of the adrenals varies widely in different animals, 
increasing 5-6-fold as they grow older. As a rule, the right and left adrenals 
are not equally developed: either the right or left may be larger. We have 
not observed distinct sexual dimorphism with regard to size of the adrenals. 


F. General Comments on Function of the Cetacean Urinary System 


Since there are virtually no data about the function of cetacean kidneys, 
in order to comprehend the distinctions of function of this organ we have to 
resort to assessment of indirect data. In this regard, we can try to evaluate 
the occurrence of a multilobed kidney. 


A greater number of renal lobes is also observed in some other mammals. 
For example, in some ungulates (Artiodactyla), the elephant, white bear, all 
seals (Pinnipedia), and otter (Lutra lutra), the kidney consists of many lobes 
(Anthony, 1922). Obviously, such a change in kidney structure is due to some 
distinctions of urine production related to a large body or marine habitat. 
Evidently, both reasons apply to many cetaceans. True, the body size of most 
toothed whales is relatively negligible, but this could merely be indicative 
of the importance of the second reason, aquatic habitat, in appearance of a 
complex renal structure. in this regard, it is interesting to note that in 
the fresh-water gangetic dolphin there are considerably fewer lobes in the kid- 
neys than in the other cetaceans (only 80), and the kidneys themselves are 
relatively very small (Slijper, 1958a). 
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The unique conditions of cetacean fluid metabolism affect more than 
the structure of the kidneys. There are also some very interesting features 
in the structure of the bladder, and they were first noted by D. Hepburn 
(1904). We find that the overall volume of the urinary bladder of cetaceans is 
much smaller than in terrestrial mammals (Table 36). 


Table 36. Relative volume of bladder of some mammals (according to Hepburn, 
1904; Yablokov, 1961; Kleynenberg et al., 1964) 


Bladder volume (cc per 


100 kg of body weight) 


Tursiops about 50% 
Delphinapterus about 25 
Balaenoptera about 20 
Phocoena about 100 
Physeter about 120 
Berardius about 150 
Man 700-1,000 
Cattle about 800 
Horse about 600 
Dog about 800 


*According to the data of V.S. Gurevich (personal communication). 


On the basis of these data one would think that whales excrete very 
little urine. In reality this is not so. As it was shown, there is no pro- 
nounced sphincter in the cervix of the bladder, but there is excellently 
developed musculature in the middle and superior parts of the bladder. Along 
with the small relative size of the bladder, these distinctions indicate that 
urine can be excreted in small batches, as it enters from the ureters; the 
true volume of urine excreted daily could, in such a case, be rather large. 
Probably this is exactly the case: experiments have shown that whales urinate 
very often (experiments were conducted with a bottlenose dolphin, in an 
oceanarium) (Yablokov, 1961). The functional significance of such frequent, 
pulsating urination is probably related not only (and perhaps not so much) to 
excretion of large quantities of urine, but also asa signal. This assumption 
is also confirmed by the fact that, as it was shown above, numerous ducts 
of the well-developed prostate open into the urethra (see also Chapter 8). 


Of course, for further investigation of the function of the whale's 
urinary system, it is important to obtain precise characteristics of urine 
of different cetacean species. Thus far, only fragmentary data are available 
(Fetcher, 1939, 1942), and they indicate that the sodium composition of ceta- 
cean urine does not differ significantly from that of terrestrial mammals, 
while the content of some salts is lower than in Sea water. At the same time, 
the composition of urine is not the same in different cetacean species. Accord- 
ing to our observations, there is a strong odor to Eubalaena urine, that 
distinguishes it from Balaenoptera. 
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II. Reproductive Organs 


Even the ancient scientists were well informed about the structure 
of cetacean reproductive organs, in their general features. In our times, 
some special works have been published dealing with the structure of the 
reproductive system of cetaceans, among which we could mention the comprehen- 
sive investigations of W. Daudt (1898), A. Meek (1918), R. Anthony (1922), 
C. Naaktgeboren (1963), and E. Slijper (1966). 


A. Female Reproductive System 





The cetacean female reproductive system is of particular interest in 
that such distinctions as structure of the ovaries, vagina, and uterus help 
us gain deeper understanding of reproduction distinctions of these animals. 
In spite of the numerous works dealing with structure of the cetacean female 
reproductive system, to date, as we shall show, there are no data on the 
structure of this system of organs in a large enough number of species. Inci- 
dentally, the existing data probably reflect well, in general, the structural 
distinctions of this system in cetaceans. 


1. External Genitalia 





In toothed and baleen whales, there are two papillary sacs along the 
sides of the vaginal orifice, and they range from a few centimeters (in small 
dolphins) to a few dozen centimeters (in large whales) in length. In the 
Atlantic right whale, these sacs are located obliquely to the vaginal slit 
(Omura et al., 1969), unlike all other cetaceans. 


There is a well-developed oval clitoris in the anterior angle of the 
vaginal orifice; in the sperm whale, for example, the clitoris is hook-shaped 
with well-developed corpus cavernosum. The clitoris is surrounded by two 
preputial folds. Posteriorly, is located the urethral orifice, at the base 
of the clitoris. 


The vestibule of the vagina is in the shape of a slit (Figure 104). 
The external parts of the vagina consist of the labia major and minor. The 


latter are usually well developed. 


Caudal to the vagina is a small anal orifice of stellate form (Figure 105), 
and it is normally always tightly constricted. Immediately behind the anal 
orifice, the vestibule stops abruptly, but anteriorly to the clitoris it can 
be traced for a relatively long distance, occasionally to the umbilicus 
(Figure 106). 


The described typical structure of external genitalia is not seen in 
all animals by far. Different variants are often encountered in development 
of the clitoris, location of external vaginal folds, and in shape of the 
urethral orifice. 


M. ischimavernosis (clitoris erector) and m. dilatator vulvae (Slijper, 
1966) are referable to the musculature of external genitalia. 
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Figure 104. Diagram of location of mammary glands (dotted lines) and 
external reproductive organs in a Balaenoptera female 


Legend: 

a) anal orifice t) papillae 

u) site of attachment of umbilical ligament r.a) vaginal orifice 
v.g.) abdominal bands m.g.) mammary gland 





Figure 105. End of vaginal cleft and anal orifice of Balaenoptera 
physalus. Paramushir Island. Photography by A.V. Yablokov 
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Figure 106. View of vaginal vestibule and papillary sacs in Berardius 
bairdi (top) and Balaenoptera physalus (bottom). 
Paramushir Island. Photography by A.V. Yablokov 


In some species of large baleen whales, as well as some dolphins, shallow 
additional skin folds, paralleling the papillary sacs (Mackintosh, Wheeler, 
1929), have been observed. The excretory ducts of perianal glands (Yablokov, 
1957, 1961), the nature of which is not yet clear enough, open into these folds. 
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Finally, occasionally the anal orifice is not completely united with the vagina 
and urethral orifice into a single urogenital fold; in such cases, a more or 
less marked perineum is present. 


2. Vagina 


The cetacean vagina is covered with longitudinal and transverse folds 
(Figure 107). Numerous longitudinal folds going from the external orifice 
and gradually decreasing to tle middle of the vagina are observed at the entrance 
of the latter (up to 10 in beluga and 30 in Mesoplodon); in the central part 
of the vagina longitudinal folds are not present in beluga, and after a negli- 
gible interval circular folds appear (Yablokov, 1961). From four to 12 trans- 
verse folds have been found in the vagina of rorquals (Daudt, 1898; Kernan, 
1916; Ommaney, 1932b; Ohe, 1951; our own observations)(see Figure 107). In the 
pilot whale, common dolphin, bottlenose dolphin, and Orcaella only 2-4 large 
transferse folds have been demonstrated (Daudt, 1898; Meek, 1918; Ommaney, 1932); 
the porpose has more folds, 9-12 (Daudt, 1898), and the sperm whale has about 
10 such folds (Figure 108). 





Figure 107. Longitudinal section of vagina and adjacent structures 
Tegend: in Balaenoptera (Ohe, 1951) 
1) anal orifice 5) bladder 
2) clitoris 6) rectum 
3) urethra 7) colon 
4) vagina 


Becasue of the muscle layers, all these folds have some mobility, and 
perhaps this provides for the "pumping action" of the vagina as a whole 
(Harrison, 1969). This interesting assumption is quite consistent with the 
shape of the cetacean penis, which is very long, almost cylindrical (see 
below), which had not been sufficiently comprehended heretofore, from the 
functional point of view. 


Not even traces of a hymen have been discovered in the vagina of toothed 
whales, whereas all of the studied species of baleen whales present a unique 
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vaginal ligament (Ohsumi, 1969; Mackintosh, Wheeler, 1929; and Matthews, 
1937). 





Figure 108. Prolapsed vagina of an exploded decayed Physeter 
macrocephalus. The labia and circular folds on the surface 
of the vagina are well visualized. Paramushir Island. 
Photography by A.V. Yablokov. 


M.M. Sleptsov (1941) and V.Ye. Sokolov (1954) discovered a pronounced 
"calcareous" plug in the vagina of the common dolphin; it consisted of 
vaginal mucosal secretions and, according to V.Ye. Sokolov, about 45% minerals 
(see section dealing with the cervix uteri). 


The secretions of the vaginal mucosa of the common dolphin differ at 
different stages of the reproductive cycle (V. Sokolov, 1962). 


The actual musculature of the vagina of toothed whales consists of 
several segments of circular and semicircular fibers which, all together, 
constitute the m. dilatator [constrictor) vulvae; one of the "portions" of this 
muscle is closely linked to the pelvic bones and anal orifice (Figure 109). 
There is a strong ischiocaudal muscle going from the pelvic bones and, in 
part, from the vaginal wall to the tail of the beluga. When the constrictor 
contracts, the vaginal orifice closes. The segments of the constrictor 
attached to the pelvic bones and the ischiocaudal muscles open the vagina. 


3. Cervix Uteri 
In toothed whales, the cervix is usually well marked and can be dis- 


tinguished from the adjacent vagina by the sharply reduced diameter of the 
internal cavity, large folds directed longitudinally rather than transversely, 
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and a strong muscular sphincter in the wall (Figure 110). The vaginal regions 
adjacent to the cervix are also covered with longitudinal folds, but the latter 
are on the surface of large transverse folds. Such small longitudinal folds 
are relatively well developed in juvenile specimens and embryos. 





Figure 110. 
Diagram of uterus and adjacent parts of 


Figure 109, vagina in juvenile Delphinapterus leucas 
Musculature of vagina of Delphin- (Kleynenberg et al., 1964) 
apterus leucas (Kleynenberg et al., 1) vaginal folds 
1964) 2) cervix 
cv) m. constrictor vulvae 3) cavity of uterus 
ic) m. ischiocaudalis In black: musculature 


Some investigators consider the last transverse vaginal fold to be 
the cervix uteri of cetaceans (Hein, 1914). However, the structure of the 
vaginal walls and cervix is quite different (Yablokov, 1959). This can be 
seen particularly well in adult specimens where the differences do not refer 
to presence (in the cervix) or absence (in vaginal folds) of specific muscula- 
ture (see Figure 110), but to overall form. 


Distinctive vaginal plugs have been described with reference to several 
species of toothed whales; they have been encountered in the beluga, bottlenose 
dolphin, common dolphin, sperm whale, Berardius (Sleptsov, 1940a; V. Sokolov, 
1954; Yablokov, 1958a; Essapian, 1962, and others). They will probably be 
also discovered in the other species of toothed whales in the future. 


Future studies will show whether the cervical and vaginal plugs can 
be considered as obstructions to the act of copulation. At any rate, it is 
certain that the presence of distinctive structures of the "plug" type in the 
external female genitalia of toothed whales is definitely related to the 
reproductive cycle. In this regard, it is interesting to note that we failed 
to discover similar plugs in baleen whales, in spite of the fact that a special 
analysis was made of a large number of mature females. 
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4. Uterus 


All cetaceans have a uterus with two horns. The size of the latter in 
mature animals is not equal bilaterally, due to changes related to gestation 
(Figure 111). 


The structure of the uterine wall and particularly its mucosa depends 
on the physiological condition of the female (Figure 112). In the common dol- 
phin, this is related to reaching puberty and gestation (Figure 113). 


Figure 111. 
Location of embryo in uterus of Tursiops 
truncatus (Slijper, 1969) 
1) umbilical ligament 
2) amnion 
3) allantois 
4) cervix 





Figure 112. 

Diagram of change in structure of 
uterine mucosa of Balaenopteridae 
at different periods in the life of 
the specimen (Harrison, 1969) 

1) juvenile animal 

2) at sexual maturity 

3) during ovulation 

4) early gestation period 

5) middle of gestation period 

6) end of gestation 

7) lactation period 





The uterine horns of mature animals remain assymetrical for life. The 
fetus can develop either in the left or right horn (see below). 


The first known case of extrauterine pregnancy in a whale was reported 
recently (Ivashin, 1963). <A lithopedion @bout 4 meters long), formed as a 
result of fetal death at a relatively late stage of development, was found 
in the body cavity of an adult sei whale. 
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Figure 113. 

Mucosal folds in uterine horns of 
Delphinus delphis (V.Ye. Sokolov, 1962a) 

1) juvenile common dolphin 

2) mature nullipara 

3) primigravida 

4) lactating and concurrently 

again pregnant female 





5. Placenta 


The structure of the placenta has long since drawn the attention of 
investigators concerned with cetaceans (see surveys by Weber, 1886; Zhemkova, 
1964, 1965); some works on the structure of the placenta of specific whale 
species have been known for a long time (Turner, 1872, 1875; Gervais, 1883; 
Klaach, 1886; Wislocki, 1933; Hoedemaker, 1935, and others). 


The placenta of toothed and baleen whales is of the epitheliochorionic 
type, diffuse in nature. The cetacean placenta is sometimes compared to the 
ungulate placenta (Zhemkova, 1965) with regard to arrangement of villi and 
distribution of blood vessels. 


In the beluga, the chorionic folds are netlike, whereas in the sperm 
whale they are in disorder; in the least rorqual, the chorionic pleats are 
concentrated in the region of the fetus and disappear on the periphery; in the 
finwhale, the pleats are oriented longitudinally. 


In the beluga, the chorionic villi branch; in the sperm whale, the large 
villi are covered with distinctive protrusions resembling tiny villi; in the 
finwhale, though there is general similarity with the villi of the sperm whale, 
there are occasional protrusions, and the stroma of the villi is more delicate; 
in the least rorqual, the structure of the villi is more similar to that of the 
beluga. Unlike all other whale species studied, in the beluga some distinctive 
diverticula (Zhemkova, 1965) have been demonstrated on the surface of the 
fetal sac. 


6. Ovaries 


The ovaries of cetaceans, like those of all other mammals, are located 
in the body, on a broad and well-developed ligament that becomes the uterine 
ligament caudally. In baleen whales, the ovaries are always plicate and ridged 
(Figure 114); in toothed whales they are usually smooth. In all toothed whales 
examined (killer, pilot whale, porpoise, and Mesoplodon; see survey by Rankin, 
1961), the ovary is in a well-developed, deep ovarian pouch (bursa ovarica). In 
baleen whales, the ovary is more exposed (Ommaney, 1932b; Van Utrecht~Cock, 19653 
Slijper, 1966). 


The structural details of the Fallopian tubes of different cetaceans are 
described by R.M. Laws (1961). The ovaries of the adult fin whale weigh about 
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10 kg, and about 16 kg in the blue whale; however, one occasionally encounters 
hypertrophied ovaries, each of which weigh up to 28.7 kg (blue whale) and 

26 kg (finwhale) (Laws, 1961). Such hypertrophy of the ovaries is due to 
development of enormous false corpora lutea, up to 30 cm in diameter, consist- 
ing of firm, white, fatty tissue. 


The development of the follicles does not differ qualitatively in 
cetaceans from that of other mammals. The diameter of such mature follicles 
reaches 1.5-2 cm in dolphins. Other follicles are less prominent on the sur- 
face of the ovary, and their diameter does not exceed 0.5 cm, and is usually 
smaller. There are many very fine follicles (less than 1 mm in diameter) 
in the cortical layer of the ovary; they correspond to the primordial follicles 
of terrestrial mammals (Kleynenberg et al., 1964; Chuzhakina, 1965). 


In the finwhale, the follicles reach 7 cm in diameter to the time of 
ovulation (see Figure 114)(3.0 cm in the humpback; Chittleborough, 1954); 
during ovulation it diminishes sharply to 4 cm, then the ovulated follicle 
develops into the corpus luteum (mean diameter of 8.2 cm in the finwhale; Laws, 
1961). 


Figure 114. 
Appearance and longitudinal section of 
of the ovary of Balaenoptera physalus 
(Slijper, 1958) 
1) corpus luteum 
2) ciearices of former corpora lutea 
3) follicles 





There are contradictory views concerning the nature of ovulation in 
cetaceans. Probably there are not enough data to furnish an unequivocal and 
definitive answer to the question as to the nature of ovulation in cetaceans; 
it may also be that ovulation is intermediate in nature, which is expressly 
why periodic debates flare up as to its exact classification. Be that as it 
may, it is felt purposeful to submit some facts shedding light on this 
important problem in some detail. 
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We (Kleynenberg, Yablokov, 1960) analyzed a total of more than 150 
mature beluga females in 1956-1959, in the Okhotsk, Barents, and Karskoye 
seas throughout the reproductive period (spring, summer, autumn). We failed 
to demonstrate, not even in one case, corpus luteum in the female ovaries 
without the presence cf an embryo. We observed all stages of development and 
resorption of corpus luteum (Figure 115), all stages of follicular development 
(including completely mature ones ready for ovulation), but always pregnancy 
was associated with each young corpus luteum. It is important to indicate that 
this study was pursued under conditions that enabled us to analyze the captured 
animals comprehensively, and in particular to thoroughly flush the uterine 
horns to search for embryos at the early stages of development. We believe 
that this circumstance -- thorough flushing of the uterine cavity of animals 
without visible embryos but with corpora lutea on the ovaries -- is particularly 
important, since only such a work method allows us to state with certainty that 
gestation is not present. 





Figure 115. Diagram of resorption of corpus luteum in Delphinapterus 
leucas and cicatrix formation (Kleynenberg et al., 1964) 


Numerous observations of Black Sea dolphins pursued by M.M. Sleptsov 
(1940b), V.Ye. Sokolov (1954), and S.Ye. Kleynenberg (1956a) also indicate that 
development of corpus luteum on the ovaries coincides with the presence of 
embryos in the uterus. The situation is not the same in baleen whales. As 
shown by the studies of V.A. Zemskiy (1956), and even earlier by N. Mackintosh 
and J. Wheeler (1929), several large functional corpora lutea are often 
found on the ovaries of rorquals without embryos in the uterus, and the 
nature of the mucosa is not indicative of readiness for implantation. 


If we accept the assumption that there is spontaneous ovulation in 
baleen whales and induced ovulation in the studied toothed whale species, 
the absence of corpora lutea of ovulation in toothed whales (Figure 116) could 
be logically attributed to the fact that there is a limited number of hours 
between ovulation and fertilization and formation of an embryo or, in other 
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words, virtually each ovulation ends with fertilization in toothed whales. Per- 
haps the very act of copulation induces ovulation; it may be that the very 
presence of an active male in the herd is an ovulation-provoking factor; perhaps 
specific forms of love play, that is so developed in toothed whales (Lilly, 
1967; Bel'kovich et al., 1969), is such a factor; occasionally the females 

are the initiators of such play (Harrison, 1969). The latter allows us to 
consider the problem from a different angle: perhaps the female that is ovu- 
lating and ready for mating actively seeks a partner; and a partner is always 
available, since his activity or even his mere presence stimulates development 
of the follicle at the last maturation stages. 
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Figure 116. Diagram of development of mammalian follicle 


After the numerous investigations (the most complete survey was authored 
by Laws, 1961), it may be considered quite established that there is an ovula- 
tion pattern [eycle] in thefin whale of an average of two per year in the mature 
specimen. Probably the cycle is similar in other baleen whales. There are 
known cases of multiple ovulation (up to 13 concurrent follicles) in the fin 
whale. The rare exceptions cannot alter the general conclusion: the reproduction 
cycle is monestrous in both baleen and toothed whales. 


Unlike most other mammals, toward the end of the gestation period not 
only are the corpora lutea not resorbed, they may even be somewhat larger in 
size (observed in several dolphin species and the sperm whale; Kleynenberg, 
Yablokov, 1960; Berzin, 1970). After parturition, the corpus luteum is not 
immediately reduced; it is often retained in a somewhat diminished form for 
a considerable time, throughout the lactation period which lasts 4-6 to many 
months in whales (see Chapter 13). 


As a rule, the ovary with a corpus luteum is larger; asymmetry is not 
noticeable in ovaries without developed corpora lutea. The corpus luteum 
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that develops during pregnancy is usually located on the periphery rather than 
the central parts of the ovary (Nikol'skiy, 1936; Van Utrecht-Cock, 1965). 


Histologically, the corpus luteum of whales is generally similar to 
that of other mammals (Zemskiy, 1956; Kleynenberg et al., 1954; Slijper, 1966, 
and others). A large part of the corpus consists of lutein cells separated 
by connective tissue anastomoses. Occasionally, there is a more or less 
pronounced “nucleus” in the center of the corpus luteum (Figure 117). In 
some cases there are several such nuclei and they are scattered all over the 


cross section. 
or OOS 
“fies C® ye va 
d 






Figure 117. Macroscopic structure (cross section) of corpus luteum of 
Delphinapterus leucas (left) and Balaenoptera physalus 
(right) (Kleynenberg et al., 1964; Harrison, 1969). 


While it has been established (see below) that there are diverse types 
of corpora lutea of pregnancy in baleen whales, with reference to the repre- 
sentatives of toothed whales studied -- common dolphin, beluga, sperm whale, 
pilot whale -- corpora lutea of the same age are more homogeneous in structure 
and differ only in overall size (Sergeant, 1962b; Kleynenberg et al., 1964; 
Chuzhakina, 1965; Berzin, 1970). 


Efforts have been made to distinguish between corpora lutea of ovulation 
and corpora lutea of pregnancy in baleen whales (Peters, 1939; Van Lennep, 1950; 
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Zemskiy, 1956 -- with reference to the blue whale and finwhale; Dempsey, Wis- 
locki, 1941; Robins, 1954 -~ for the humpback). 


The works of R. Laws (1958, 1961) and Van Utrecht-Cock (1965) demon- 
strated the presence of three different types of corpora lutea of pregnancy 
in the finwhale. 


During the process of resorption, the corpwsluteum of the fin whale 
changes into a typical scar 15-20 days after ovulation (and the corpus 
luteum of pregnancy -- 8 months after termination of pregnancy) (Laws, 1958a). 
In general, the scars of corpus luteum of pregnancy and corpus luteum of 
ovulation cannot be differentiated in baleen whales (see survey by Laws, 1961). 
D.E. Sergeant (1962a) determined, with reference to the pilot whale, that the 
corpus luteum of ovulation increases somewhat in size as it changes into the 
corpus luteum of pregnancy (from a mean diameter of 33 mm to a mean of 44 mm), 
after which the size may increase (to 50 mm) up to mid-pregnancy, and by 
the end of pregnancy it could again regress (to 46 mm). The size of the corpus 
luteum of lactation is almost the same as that of ovulation (mean diameter is 
about 31 mm). 


In the sperm whale (Berzin, 1970), the diameter of a functioning corpus 
luteum of pregnancy reaches a mean of 100 mm; after parturition it rapidly 
regresses to 30-50 mm and remains at this size throughout the lactation period; 
it then changes into a scar and gradually regresses to a diameter of 10 m 
within 3-4 years, and remains such for life. An analogous cycle of development 
of the corpus luteum is typical for all whales. 


In addition to the scars of corpora lutea of pregnancy, lactation, and 
ovulation, atretic scars and "additional scars" (corpora abberantia) have 
been found on the ovaries of the fin whale which stand out because of their 
unusual shapes and harsh yellowish-orange color (Laws, 1961). Analogous scars 
have been demonstrated by us on the beluga ovaries, and we have identified them 
as scars of atretic follicles. We were unable to divide them into different 
types as was done for the fin whale. 


There is a popular view that in cetaceans ovulation (and consequently 
gestation) occurs chiefly (or even exclusively) in the left ovary and left 
horn of the uterus (see, for example, Sleptsov, 1940a; Slijper, 1949, and 
others). Our data on the morphology of the beluga ovaries (Kleynenberg et al., 
1964) revealed that, in this species, the overall distribution of scars of 
corpora lutea of pregnancy is similar in the right and left ovaries (a total 
of 135 scars demonstrated in the left ovaries and 146 in the right). There are 
analogous data with reference to the humpback [Chittleborough (1958) observed 
613 ovulations on the left and 655 on the right ovary]. This question was 
comprehensively discussed in the work by S. Ohsumi (1964) who demonstrated the 
existence of three main types of ovarian maturation and rates of accumulation 
of scars in different families and in different large groups of cetaceans. 
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7. The Mammary Glands 


The mammary glands of cetaceans consist of long, flat glands along 
the belly, to either side of the urogenital fold (see Figure 104). Their 
ducts open in a single nipple on each side, and both are retracted in a skin 
pouch at rest. W. Kukenthal (quoted by Slijper, 1966) described only one 
case of eight rudimentary nipples in a 2.5 cm porpoise embryo. No doubt, this 
fact should be considered as evidence that the ancestors of contemporary ceta- 
ceans were multiparous. 


The mammary glands, which are flat in the periods between lactation, 
become almost cylindrical (Sergeant, 1962a) during the period of active secre- 
tion. It is interesting to note that, in lactating pilot whales, regardless 
of body length, the mammary glands were found to be very similar in size. Pig- 
mented granules have been observed in the glandular tissue of young females 
of some toothed whale species; with age, these granules concentrate around 
the main excretory ducts (Sergeant, 1962a). There are data indicative of the 
start of "false" secretion of mammary glands immediately after the first ovula- 
tion (Sergeant, 1962a). 


There has not been sufficient investigation by far of the mammary 
glands of different cetacean species. At present, we know that they all have 
a typically lobular structure, the small lobules join into larger lobes that 
are closely linked to one another by the same vascular system and, the chief 
finding, that they are concentrated around the common excretory ducts. The 
well-developed central large excretory duct ends in a distinctive dilatation 
("cistern") where milk can apparently accumulate in a rather significant quantity 
(Selptsov, 1952). At any rate, after a sharp blow or pressure to the peri- 
mammillary region of a killed lactating fin whale, one observes a reflex jet 
of milk about 1-1.5 cm in diameter (Figure 118) spouting to a distance of up 
to 2 meters (on the surface). About one liter of milk could be expelled at 
a time, in this manner. This finding indicates that not only is there a large 
cistern, but also that there is a special mechanism that blocks exit of milk 
that has accumulated in the cistern and also implements ejection of milk at the 
required time, under pressure. 


B. Male Reproductive System 


In males, the anus and genital fold are separated by a distinct perineum 
to either side of which there are usually small folds with excretory ducts of 
perianal glands in baleen and toothed whales (Figure 119). At rest (and during 
urination) the penis usually lies in a deep fold and protrudes only during 
sexual stimulation. 


1. The Testes 
In all cetaceans, the testes are located in the abdominal cavity, slightly 
behind and to one side of the kidneys, without touching the latter. They are 


elongated, cylindrical, somewhat oval, or round in cross section. 


It is interesting to note that Balaenidae present the maximum absolute 
and relative size of testes: there are data indicating that one testis can 
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can weigh 700 (!) kg. In the larger Balaneoptera musculus, the weight of 
the testes is only 25-30 kg, it is 15-20 kg in B. physalus, and about 10 kg 
in Physeter (Slijper, 1962a, 1966). 





Figure 118. Jet of milk trickling after strong pressure was applied 
to the region of the mammary gland of Balaenoptera 
physalus more than 24 hours after the animal's death. 
Paramushir Island. Photography by A.V. Yablokov. 





Figure 119. Location of perianal glands in Delphinapterus leucas. 
Photography by A.V. Yablokov. 
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On the basis of material incluidng more than 1,000 sperm whale testes, 
M. Nishiwaki (1955) showed that the left testis is heavier in 60% of the cases 
and the right in 30%; in only 10% did both present the same weight. Depending 
on age and, apparently, time of year, there is considerable fluctuation in 
size of testes in specimens of the same species. As in other mammals, intensive 
growth of the testes begins during the period prior to sexual maturity. There 
are data that indicate the weight of the testes diminishes in adult specimens 
after reaching a certain age, and the authors relate this to extinction of 
spermatogenesis and generally diminished sexual activity of old animals (Berzin, 
1970). 


In toothed whales, the testes, which are invested in the tunica albu- 
ginea and covered by the peritoneum, are attached in the abdominal cavity by 
a wide mesentery connected to the dorsal surface of the testis over its entire 
length. The head of the testis is directed cranially to the peritoneal cavity 
and the tail caudally (Anthony, 1922; Fraser, 1950; Kleynenberg et al., 1964, 
and others). There are some differences in position of the testes in the body 
of different cetacean species (Figure 120). 


Figure 120. 
Diagram of location of testes (t), epi- 
didymis (e), and seminal ducts (d) of 
Mesoplodon (1), Delphinus (2), and 
Balaenoptera (3) (Anthony, 1922; Ohe, 
1951) 





The structure of the testes and nature of the spermatogenetic process 
are generally the same in cetaceans as in terrestrial mammals (Nishiwaki, 
Hibiya, 1952). The diameter of the seminiferous tubules is similar in differ- 
ent species of both baleen and toothed whales: about 220-259 microns when in 
an active state. There are some indirect data indicative of differences in 
nature of spermatogenesis (more precisely, in nature of maturation of testes) 
in the humpback and sperm whale (Berzin, 1964a). At the same time, the fact 
already proved many times can no longer be questioned: that the maturation 
of different parts of the testis occurs at different times (this process has 
been particularly well investigated in the cachalot; Berzin, 1964a, 1970). 


The size of spermatozoa is similar in all cetacean species studied: 
73.8 microns (5.9 micron head) in the porpoise, 40.6 microns (3.5 micron head) 
in the sperm whale, and 52.5 microns (4.5 micron head) in the humpback. These 
figures are close to those for a number of terrestrial mammals; there is a 
particularly great resemblance between cetaceans and Artiodactyla with regard 
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to structure of spermatozoa (Slijper, 1966). Mature spermatozoa of the sperm 
whale present an elongated head with sharp tip, while the relatively short 
tail is somewhat longer than the head with the neck (Berzin, 1964a); in baleen 
whales, the head is round and the tail is very long (Figure 121). 





Figure 121. Spermatozoa of Eubalaena (Kamiya, Ohsumi, 1968) 


The head of the epididymis is separated from its body by a slight and 
shallow neck on the dorsolateral margin of the testis, on a special mesentery. 
In some dolphins, there is a rather well marked testicular bursa between the 


testis and epididymis. 


The tail of the epididymis is on the caudal part of the testis and it 
is the origin of a markedly convoluted duct. 


2. The Seminal Duct 


In cetaceans, the vas deferens begins directly at the tail of the epi- 
didymis, at the level of the caudal end of the testis, and it is directed 
toward the colliculus seminalis in the urinary canal (see Figure 101). 


The seminal ducts are very tortuous up to the level of the neck of the 
urinary bladder, where the right and left seminal ducts enter the genital fold. 
Thia is the place that should be considered the beginning of the ejaculatory 
ducts; we cannot define it more precisely since the vesicular glands that 
originate the ejaculatory ducts of other mammals are not present in whales. 


Near the seminal colliculus, the walls of the seminal ducts become 
thin and readily distendible (Jackson, 1945-1847). In this region, the duct 
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walls riddled with numerous minute openings of excretory ducts of small glandular 
lobules (scattered portions of the prostate, see above) located im the wall 
and next to it, in the genital fold. 


a 


3, The Urogenital Canal ’ 


This canal is formed due to merging of the urinary canal and seminal 
ducts entering the urinary canal at the end of the seminal colliculus. In 
this area, the urinary canal and uterus masculinus with the seminal ducts are 
so close that, in toothed whales, they are invested in a common muscular sheath 
that comes from the walls of the urinary canal and consists of circular muscular 
fibers. Dorsal to the union of these ducts there are scattered portions of the 
prostate. 


In Stenella frontalis, tall lateral folds develop in the urethral cavity 
which begin at the neck of the bladder and travel the entire length of the geni- 
tourinary canal to the base of the penis (Matthews, 1950). The Delphinapterus 
does not have such folds, but they are present in Phocoena phocoena (Oudemans, 
1892) and Kogia breviceps (Slijper, 1966). 


In dolphins, the vascular body that accompanies the urogenital canal 
throughout its length, widens significantly (about 5-6-fold) before entering 
the penis (Figure 122). Alongside the vascular [cavernous?] body are the 
lobules of a well-developed prostate (see above). 


Figure 122. 
Musculature of the penis (left) and 
location of the vascular body of the 
penis (right) of Delphinapterus leucas 
cv) m. caudocavernosus 
icv) ischiocavernosus 
re) m. retractor 
r) rectum 
p) pelvis 





As shown by E. Slijper (1938, 1939, 1966), the corpus cavernosum of the 
penis and corpus cavernosum of the urethra are very close to one another in some 
species of toothed whales. In other species, they are distinctly separated; 
finally, there is a third group of species (including the black killer whale 
and rorquals) in which the corpora cavernosa constitute independent structures 
in juvenile specimens. 
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4. The Penis 


In all cetacean species, there is no os penis* in the S-shaped curved 
penis, and it is totally concealed in the body when in retracted state. The 
very firm conical body of the penis is covered with dermal type epithelium on 
the outside, with a well-developed system of tonofibrils and deep dermal 
papillae. The length of the organ depends on the size of the animal; it 
increases sharply when the animal reaches sexual maturity. Thereafter, there 
is negligible change in size of the penis with further increase in body size. 


The penis of large baleen whales reaches 2.5-3 meters in length and up 
to 30 cm in diameter (Mackintosh, Wheeler, 1929). In some species the tip 
is conical (Figure 123), in others (for example, right whales), it is flat; 
there are data reporting a complex, foliate tip in the gangetic dolphin 
(J. Prasad, in litt.). The penis of Eubalaena is longer and thinner than in 
true rorquals (Omura, 1958); in toothed whales, the penis is apparently shorter 
than in all baleen whales, and up to half of it is covered by well-developed 
preputium (Figure 124). 





Figure 123. Tip of penis of Balaenoptera physalus. Photography by 
A.V. Yablokov 


The cetacean penis is of the fibroelastic type, and in this respect 
it resembles that of the Artiodactyla (Slijper, 1966). The organ does not 
increase in size during erection, it merely extrudes from the body; its firm 
ness is related to a greater extent to the firm albuminous membrane and collagen 
tissue of the corpora cavernosa than to filling of these corpora with blood. 


*A.G. Tomilin (1957), referring to W. Turner (1913), reports demonstration of 
os penis in Eubalaena. This case (if the collection is intact) merits special 


reinvestigation since other investigators have never found an os penis in whales 
(including dissected Eubalaena) either before or after publication of this work 
by W. Turner. 
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Figure 124. Prolapsed penis of Physeter macrocephalus. Paramushir 
Island. Photography by A.V. Yablokov 


The penis is invested in a very thick albuminous membrane consisting of 
collagen tissue with @ small amount of elastic fibers (Slijper, 1939). In the 
center of the ventral surface of the penis, in toothed whales, there is a medial 
frenulum in which the urogenital canal, surrounded by the vascular body, passes 
between the parts of the cavernous bodies. Such a medial groove is not formed 
in baleen whales. 


In the beluga, the cavity occupied by the vascular body of the penis 
gradually narrows to about the middle of the penis, then remains unchanged 
almost to the end of the organ; finally, at the very end of the penis, it again 
widens (see Figure 122), occupying almost half the area of the cross section 
(perhaps this is important to retain the organ in the vagina during copulation). 


In the Mesoplodon (anthony, 1922; Figure 125), pygmy sperm whale (Benham, 
1901b), beluga (Kleynenberg et al., 1964), the vascular body forms the crura 
spongiosa. In the beluga, large vessels continue from the left crus, along the 
ventral part of the penis, and from the right crus vessels enter the central 
cavernous body of the penis. The corpus cavernosum of the penis usually 
consists of a single structure over the length of the entire organ. In the 
distal part of the penis of some dolphins (for example, Stenella; Matthews, 
1950), the corpus cavernosum is divided into two parts. There are two crura 
at the base of the organ, which are linked to the pelvic bones and which are 
separated to different extents in different species (for example, in the fin 
whale, the crura are separated over a long distance by a connective tissue 
septum (Cleland, 1884). In the beluga, pygmy sperm whale, and Mesoplodon, 
the corpus cavernosum is invested at the base in a fine layer of elastic fibers 
(Slijper, 1966). Similar elastic fibers make up most of the tissue forming 
[or filling] the corpus cavernosum of baleen whales. In the beluga, there is 
a certain quantity of smooth muscle fibers in the corpus cavernosum; there is 
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a relatively large amount of fatty tissue (Slijper, 1966) in the corpus cavernosum 
of the sperm whale and black killer whale. In all instances, the large cavernae 
of this corpus are surrounded by a layer of elastic tissue. The external pig- 
mentation of the penis varies in different animals, even within the same species. 







¥, ¥ 


(pe. oa 
MAG pe 


SS INS 
im 


Figure 125. Longitudinal (top) and transverse (bottom) section through 
urogenital organs of the Mesoplodon male (Anthony, 1922) 


Legend: 
I) colon m) intestinal mesentery 
r) peritoneal folds u.m,) uterus masculinus 
p) peritoneum m.i.d.) mesentery of the vas deferens 
V). bladder 1.m.) medial vesicular ligament 
P) prostate U.u.) urinary canal 
A) aponeurosis of pelvic bones C.c.) corpus cavernosun 
U) urogenital canal C.s.p.) corpus spongiosum 
m.u) orifice of urogenital a.c.c.) tunica albuginea of cavernous body 
canal a.c.sS.p.) tunical albuginea of spongiosum 
A) anus f & s.b.p.) preputial folds 
‘ b.c.) m. bulbocavernosum 


-) m. ischiocavernosum 
) m. retractor 


The reproductive system of cetacean males is distinct with regard to 
position of pelvic bones. There are two small pelvic bones (see Chapter 3) 
to either side of the base of the penis which are not directly linked with the 
spinal column. These bones are the site of attachment of musculature of the 
penis and other muscles (see Figures 122 and 125), and they play an important 
part in the function of this organ. 


- 204 - 


Although we have sparse data as to the exact distinctions of the penis 
muscles, with reference to baleen whales there are indications that there is 
somewhat different development of these structures in Balaena and Balaenoptera 
(Anthony, 1922), 


5. Uterus Masculinus 


Some investigators (Deladge, 1885; Daudt, 1898; Chi, 1926; Ammaney, 1932b, 
and others), who described the male reproductive system of several species of 
baleen and toothed whales, found considerable variations in development of 
uterus masculinus, to the extent of total absence. This served as the basis 
for considering the degree of development of uterus masculinus as a taxonomic 
feature of cetaceans (Meek, 1918). However, even Matthews (1950) voiced the 
assumption that there was considerable variability of structure of this organ 
in toothed whales, and this was subsequently confirmed on the basis of exten- 
sive material on the beluga (Figure 126). The fact that uterus masculinus 
presents two openings led some investigators to conclude that this structure 
could be homologized with the Mullerian ducts. For the time being, nothing 
definite can be said about the functional significance of this organ. Probably, 
remaining as a rudiment (Yablokov, 1963), the masculine uterus, when developed, 
constitutes a link in the chain of structures related to the function of the 
lymphatic system. 


Cc. Intersexuality of Cetaceans 


We know of several findings of hermaphroditic whales (see survey by 
Bannister, 1963). More often, such cases were noted in baleen whales. For 
example, in January 1961, a hermaphroditic finwhale was examined at the 
whaling combine on South Georgia Island; it was 18.3 meters in length, and 
revealed a large clitoris (up to 60 cm long), well-developed mammae, vagina, 
uterus, and uterine tube, as well as testes, epididymis, and corpus cavernosum. 
Instead of ovaries, connective tissue was found with atresic follicles. 





Figure 126. Diagram of different variants of uterus masculinus in 
Delphinapterus leucas (Yablokov, 196le). 


M. Nishiwaki (1953) described genuine hermaphroditism in Stenella caeru- 
leoalbus: the external genitalia were feminine, there was a developed uterus 
and vagina, but there were also two real testes on the uterine ligament; histo- 
logical analysis revealed that they contained developed spermatozoa. 
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D. The Set of Chromosomes 


There are very few data concerning the structure of the chromosome system 
of cetaceans. After the work of S. Makino (1948), who determined the total 
number of chromosomes in Phocoenoides dalli and who noted a great external 
morphological resemblance of these chromosomes to those of ungulates, several 
other works were published (Nowoseilski-Slepowron, Peacock, 1955; Walen, Stewart, 
1965; Kasuya, 1966) that defined the general distinctions of the chromosomal 
system of several cetacean species (Table 37 and Figure 127). Unfortunately, 
only five species have been investigated thus far, and very superficial data 
were obtained, so that no convincing conclusions can be made with certainty 
on their basis. 


Table 37. Characteristics of chromosomes of some cetaceans (according to data 
of different authors) 




















bohe seit Genus, | Diploid | Acro-. Meta-_ 
. species | number centric | centric | satellites 
paixs 
Phccoenoides datti 44 = 2 nap = 
Physeter 42*,48 6* nap| 14* pap — 
Tursiops truncatus 44 ‘ons = = 
Globicephala melaena 44 a _ _ 
B, musculus 48 ae =_ a 
B. physalus 48 = _ = 
B. borealis 44 20 nap 2 maph 4 mapa 


*According to R. Atwood, R. Lawrence (1965). 
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Figure 127. Diagram of composition of sei whale (B. borealis) set 
of chromosomes (Kasuya, 1966) 
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III. Conclusion 


Much is still unclear with regard to structure of the genitourinary 
system of cetaceans. In particular, we know little about the distinctions of 
fluid and salt metabolism which definitely determine the unique structure of 
the kidneys and urinary tract of cetaceans. There has not been sufficient 
investigation of the morphology of accessory sex glands and their functional 
significance; there are few precise data about the topography of urogenital 
musculature; and our knowledge is very inadequate with respect to fine struc- 
ture and function of male and female reproductive glands -- ovaries and testes -- 
of different cetacean species. 


It is important to mention a number of features in common in all Cetacea 
with respect to structure of the genitourinary system. They include the 
following: presence of multilobular kidneys with typical sporta that develops 
in each lobule; arrangement of testes in the body cavity; similar type of 
uterine and amniotic structure, similar development of muscles of the penis, 
and similar type of structure of the penis; comparable shape and size of sper- 
matozoa, etc. 


On the other hand, even on the basis of the data available to us, there 
are differences in structure of the reproductive system of the two main groups 
of cetaceans. 


They include, first, presence (all toothed whales) or absence (baleen 
whales) of ovarian sac, and second, probably different nature of ovulation. 


The existing data on structure of the male reproductive system allow 
us to consider it rather homogeneous in all toothed whales (Matthews, 1950, and 
others). However, against this background of general similarity, there are 
specific distinctions that are typical only for Ziphiidae, on the one hand, 
all Delphinidae, on the other, and porpoises, on the third hand. 


Serious significance is often attributed to the structure of the genito- 
urinary system with regard to establishing similarity and, accordingly, rela- 
tionship between large and small phylogenetic groups. We can detect some 
common features between cetaceans and other mammals, with regard to the 
genitoruinary system (Ommaney, 1932b; Matthews, 1950; Slijper, 1966). 


With regard to development of the prostate, cetaceans resemble marsu- 
Pials and Monotremata, on the one hand, and Carnivora, on the other. The 
absence of other accessory sex glands makes them similar to Insectivora. With 
respect to development of uterus masculinus and absence of seminal vesicles, 
cetaceans also differ from most other mammalian groups. It is believed that 
the structure of the male reproductive system in cetaceans has deep features 
of resemblance to Insectivora and ungulates. 


With respect to the structure of the female reproductive system, baleen 
whales are characterized by free (without bursa) arrangement of ovaries (herein 
lies their resemblance to Ungulata and Monotremata). With regard to location 
of the ovaries (lateral to the kidneys and closer to the diaphragm), again 
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cetaceans resemble Monotremata and Insectivora. The overall structure of the 
cetacean uterus and placenta is similar to that of ungulates, Carnivora, and 
Insectivora; however, the basic difference between the former and ungulates 
is that there are no osseous elements (os uteri) in the uterus. The direct 
resemblance of reproductive organs in toothed and baleen whales to those of 
ungulates is that fructose has been demonstrated in the amniotic fluid of 
both (Huggett, 1961), but not in Carnivora, rodents, and primates (Slijper, 
1966). All of the above-mentioned distinctions are indicative of a resemblance 
between cetaceans and not only Artiodactyla, as believed, for example by E. 
Slijper (1962, 1966), but also Insectivora and Carnivora, with regard to 
structure of the genitoruinary system. 


In conclusion, it can be noted that the "weight" of any feature of 
similarity or distinction is not known to us at all, with reference to the 
genitourinary system, as we had noted with reference to other systems of organs. 
It is absolutely clear, however, that convergently arising features cannot 
have any serious significance in judging the phylogeny of a group (though they 
are of definite interest from the standpoint of learning about adaptation). 

For example, the development of circular folds is the most typical feature 

of the cetacean vagina. However, we find that analogous circular folds appear, 
for example, in the hippopotamus, and that they are most Likely related to some 
common ecological requirements related to marine life. 


On the whole, further extensive investigation must be pursued of the 
structure and function of the cetacean reproductive system. Such investigation 
is important from the standpoint of solving purely practical problems related 
to rationalization of whaling, as well as of elucidating relative ties between 
different cetacean groups, and, finally, it will help gain deeper understanding 
of the biology of these animals. 
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Chapter 9 


THE NERVOUS SYSTEM 


The structure of the cetacean brain confirms the view that whales are 
the most atypical and specialized representatives of mammals.* 


In spite of the fact that their origin is buried without a trace in 
the geological past (see Chapter 18), it is deemed possible to restore the 
general features of brain structure of the most ancient whale fossils. As 
we know, the earliest fossils originate from the sedimentary rock of the 
Eocene period. These whales (Archaeoceti) are represented by the genera 
Eocetus and Protocetus from the middle Eocene and Zeuglodon from the upper 
Eocene. Reconstruction of the Archaeoceti brain (Figure 128) by the method 
of intracranial injection indicates that there is negligible general cephali- 
zation, very negligible development of the hemispheres of the anterior brain 
and especially of the neocortical region. Reconstruction of the brain is 
also indicative of colossal olfactory bulbs and nerves and strong develop- 
ment of the paleocortex. The caliber of the vestibular nerve is greater 
than that of the acoustic nerve (Edinger, 1955), and we are impressed by the 
very strong development of the cerebellum, the paraflocculi of which form 
two large prominences to either side of the central lobe (Dart, 1923). 


Comparative neuroanatomy would help create some guidelines to the 
problem of phylogenesis of cetaceans; however, work has not yet advanced far 
enough to assess the reliable taxonomic value of brain structures. With 
reference to most cetacean species, there are no descriptions of the macro- 
scopic structure of the brain; furthermore, even the weight of the brain of 
Many species is not known. 


I. Absolute and Relative Weight of the Brain 
We know of few works in the literature dealing with the relative 


weight of the cetacean brain. G. Guldberg (1885) indicates that the ratio 
between the weight of the brain and of body weight is lower in baleen whales 


*This chapter was written by Professor G. Pilleri and Dr. M. Gihr (Hirn- 
anatomisches Institut der Universitat Bern, Switzerland). 
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Figure 128. 
Intracranial casts of Zeuglodon sensi- 
tivus (top) and Orcaella brevirostris 
(bottom) (according to Anderson, 1878) 


a) 
b) 
c) 
e) 
g) 
h) 
i) 
k) 


pedunculus olfactorius 
nervus trigeminus 

cerebral hemispheres 
ganglion trigeminale 
nervus vestibulocochlearis 
paraflocculus 

vena jugularis 

lobus medianus cerebelli 


~ 210 


than in any other mammals, although 
the absolute weight of the brain and 
its size are greater than the same 
indices of all other animals. [In all, 
we have summarized data pertaining to 
the weight of the brain of 133 adult 
cetaceans (Table 38). It was found 
feasible to calculate the coefficient 
of regression with sufficient reli- 
ability (P = 5%) for six Odontoceti 
species and one Mysticeti species. 
Figure 129 shows these seven allo- 
metric curves (only the correspond- 
ing mean values are given for better 
illustration). With reference to the 
species for which it has thus far been 
impossible to determine the coefficient 
of regression, only some values are 
given. 


Among the Mysticeti, we studied 
five different species, of which 
Eubalaena is on the lowest cephaliza- 
tion level. Thefinwhale (for which 
we succeeded in calculating the coeffi- 
cient of regression, b = 0.1498), pre- 
sents the largest relative brain weight 
among the baleen whales. The other 
species occupy an intermediate posi- 
tion. On the whole, according to data 
on brain allometry, baleen whales are 
less cephalized than toothed whales. 
K. Mangold-Wirz (1966), on the basis 
of estimating the absolute brain index, 
concluded that Mysticeti are on the 
same level as Simia with regard to 
development of the brain. 


Some interesting results were ob- 
tained with reference to allometry of 
the brain of toothed whales. The 
allometry index is specific for each 
of the species studied and ranges 
from 0.1115 to 0.7277 (see Figure 129). 
The highest values for this exponent 
are observed in Phocoenoides and Pho- 
coena, i.e., the genera with small 
body weight, whereas the lowest expo- 
nent was demonstrated in the sperm 
whale, the largest representative of 
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Figure 129. Logarithmic function of brain weight to body weight in 
some cetacean species and primates 


Odontoceti: Dl -- Delphinapterus leucas; Gg -- Grampus griseus; Gm -- Globi- 
cephala melaena; Ig -- Inia geoffrensis; La -- Lagenorhynchus; 
Oo -- Orcinus orca; Pd -- Phocoenoides dalli; Pm -- Physeter 
macrocephalus; Pp -- Phocoena phocoena; Pt -—- Phocoenoides truel; 
Sg ~- Platanista gangetica; SsDd -- Stenella styx and Delphinus 
delphis; Tt -- Tursiops truncatus 

Mysticeti: Bm -- Balaenoptera musculus; Bp -- Balaenoptera physalus; 
Ea -- Eubalaena glacialis; Eg ~- Eschrichtius gibbosus 


Simia: Gg -- Gorilla gorilla; Pp -- Pongo pygmaeus; Pt -- Pan troglodytes 


toothed whales. The same coefficient of regression (b = 0.3174) was demon- 
strated in Stenella, Delphinus, and Tursiops. 


However, in some toothed whale species it is not only the angle of 
inclination of the allometric curves but also their position in the system 
of coordinates that changes. Of the studied species, Platanista occupies 
the lowest position. The lines for Phocoena and Inia are at a small distance 
from the single value for Platanista. Phocoena and Inia, which weigh about 
the same, present a higher relative weight of the brain than Platanista. The 
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Table 39. Number and distribution of spinal nerves in some cetaceans 








Genus, . Number of nerves 
species |— cr et 
Poa, Bry ; | Luribo~ ABTOp 
cervical ChOTSC naa SEal total Author 
Phocoena 7-8 (1—13 25 40—44 Rawitz, 1903; Cunning- 
ham, 1877; Hapburn, Wa- 

, terstone, 1904 
Del phinus 3 14—15 32 53—54 Shcherbakova, 1967 
Lagenorhynchus 8 13 23 44 Flanigan, 1936 
B. physalus 8 12 24 44 Korneliussen, 1964 





same regression line for Stenella and Delphinus is above them. These dolphins 
(unlike porpoises and Inia, which are the same in size) present greater cephal- 
ization. Among the studied species of toothed whales, Tursiops truncatus 
presents the largest relative weight of the brain. The allometric line of 

this species is above the one for Delphinus and Stenella, paralleling it. A 
study of the positions of these two lines indicates a significant difference 
(Gihr, Pilleri, 1969). In species that are larger than the bottlenose dolphin, 
we again observe a decline in relative brain weight. 


As was shown by E. Count (1947), with reference to many terrestrial 
mammals (which applies to cetaceans, especially toothed whales), one could 
state that there is a correlation between this exponent and body size, i.e., 
that there is a rule of smaller brain weight with increase in body weight. 

In cetaceans, we observe asymptotic approximation of the finite value, which 
could hypothetically be in the range of 12,000 grams, for brain weight. This 
would also be the largest absolute weight of the brain that a mammal could 
reach. Among the existing cetaceans, the largest brain weight (around 

10,000 grams) is found in Physeter macrocephalus. Thus, the rule of correla- 
tion between brain and body weight is similar for toothed whales to the rule 
for terrestrial mammals; it can be considered that adaptation to marine life 
does not affect the correlation between brain and body weight. 


Thus, the smaller toothed whales (mean body weight of 20 to 120 kg) 
are the most cephalized. Among them, Tursiops truncatus may be considered 
the most cephalized; it is close to man with regard to degree of cephali- 
zation. According to the studies of G. Pilleri (1962), the bottlenose 
dolphin and sperm whale have even exceeded man with regard to the "hypo- 
thalamus -- cerebrum length" index. On the basis of the position of the 
interspecific regression line, the small and most cephalized dolphins could 
be placed between Homo and Simia. On the basis of the correlation between 
the brain and spinal cord, S. Ridgway et al. (1966) arrived at the initial 
determination of the place of these forms. 


Il. Anatomy of the Central Nervous System 


In this section we shall first discuss some structural features of 
the spinal cord, then the cranial nerves, cerebellum, diencephalon, 
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hypothalamus, hypophysis, and finally prosencephalon. Because of the con- 
siderable number of special works and surveys dealing with the cetacean brain 
(see, for example, the works of A. Breathnach, 1960; L. Kruger, 1966, as well 
as the comprehensive survey by J. Jansen and J.K. Jansen, 1969), we do not 
have to dwell in detail on the description of different structures, and we 
can devote particular attention to the basic distinctions in structure of 

the organs of the central nervous system, comparing them in different ceta- 
cetaceans. 


A. The Spinal Cord and Spinal Nerves 


The ventral roots of the spinal nerves of cetaceans are more devel- 
oped than the dorsal ones. The number of spinal nerves is the same in 
Phocoena phocoena (Cunningham, 1877), Balaenoptera physalus (Korneliussen, 
1964), and Lagenorhynchus obliquidens (Flanigan, 1966), constituting 44 
(Table 39). 


One should not overlook the fact that the studies were pursued on a 
very small number of spinal cord preparations. Evidentally there is no separa- 
tion into « and y fibers in baleen whales (Korneliussen, 1964). The length 
of the spinal cord was measured only in a very few species (Ridgway et al., 
1966). Both suborders demonstrate an intumescentia cervicalis, a deep median 
fissure, well-developed anterior cornua, and visibly developed posterior 
cornua. Development of the lateral horns is not quite clear. According to 
the data of N. Flanigan (1966), in Lagenorhynchus obliquidens the motor 
structures are more developed than the sensory ones, and there is good develop- 
ment of the dorsal thoracic nucleus. The "pony tail" [filum] of the common 
dolphin is formed outside the dura mater (Shcherbakova, 1967). 


B. Cranial Nerves and Nuclei Thereof (1. Olfactory Nerve) 


With reference to the olfactory nerve, adaptation to the marine habi- 
tat strikes one to a greater extent than in other structures of the brain. 
There is no olfactory nerve in adult baleen whales, and in toothed whales 
the olfactory nerve still exists, but it is reduced as compared to terres- 
trial mammals. It is only in the early ontogenetic period that it is rela- 
tively developed. However, the difference between toothed and baleen whales 
is not so great according to this feature, since remnants of the tractus 
olfactorius (Kukenthal, Ziehen, 1889) are demonstrable in Hyperoodon (though 
not consistently). The olfactory bulb and tract are clearly distinguishable 
in baleen whales, and conversely the striae olfactoriae are barely visible 
(Figure 130). 


2. Optic Nerve 


With reference to the eyes of baleen whales, the hypothesis was 
expounded that the eye serves the function of pressure perception to a 
greater extent than sight (Pilleri, Wandeler, 1964). Pelagic toothed whales 
have functionally active eyes (see Chapter 11), which is corroborated by 
observing animals in captivity. A special receptor was found in the angle 
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Figure 130. Arrangement of cerebrocranial nerves of Balaenoptera 


Hegend: borealis 
a) pons g) nervus glossopharyngeus 
b) nervus trigeminus h-h,) nervus vagus 
c) nervus abducens i) nervus hypoglossus 
d) nervus facialis k) nervus accessorius 
e) nervus intermedius o) oliva inferior 


f) nervus vestibulocochlearis 


of the ocular chamber of the fin whale, which apparently serves to perceive 
pressure; this receptor is lacking in all toothed whales. 


The caliber of the second cranial nerve varies in different species, 
depending on the functional load. In the gangetic dolphin that inhabits 
cloudy water, it is thin, like a thread. This species has an underdeveloped 
eye without a lens (Anderson, 1878). In the Amazonian dolphin, the eye is 
relatively small, and the optic nerve is accordingly thin (Figure 131). In 
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Figure 131. View of brain stem cf Inia geoffrensis 


Legend: 

0) N. opticus A) N. vestibulocochlearis 
TO) tuberculum olfactorium P) pons 

1) infundibulum G) N. glossopharyngeus 

T) N. trigeminus V) N. vagus 

F) N. facialis OL) oliva inferior 


the other cetacean species, the caliber of the nerve fluctuates (Table 40). 

In spite of these sharp fluctuations with reference to both toothed and baleen 
whales, we find a correlation between diameter of the optic nerve and area of 
the retinal surface (Figure 132). A comparison of data pertaining to diameter 
of the optic nerve and approximate size of the retinal surface for all ceta- 
ceans studied using double logarithms results in a line rising at an angle 

of 22°50'. The coefficient of regression (b = 0.4213) is reliable at P = 5%. 
On the average, the diameter of the optic nerve does not increase as fast as 
the size of the retinal surface in different species. 
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Table 40. Characteristics of the optic nerve and retina of some cetaceans 


Diameter, , 
area of 


ibus : 
Buibus opticus retina 


a aan Sse 
hoxizontl vertic. 


Bun =Species N ss 

















Odontoceti 

Platanista gangetica 0,6 { 4,2 5 4 16,48 
Inia geoffrensis | 2,0 4 40,5 | 8,8 | 2 | 72,53 
Dedprinus delphis 5,0 18 R49 29.5 2 787,35 
Stenella styz 4,6 8 35,0 30,0 2 824,25 
Turstops truncatus 7,0 2 40,0 37,0 1 1164 89 
Phocoenoides truei 5,6 3 34,8 30,4 5 825,66 
Phocoencides dalli 6,0 1 35,0 30,0 2 824,25 
Grampus griseus 5,0 1 50,0 44,5 2 1746 ,62 
Globicephala melaena 5,0 4 45,7 43,7 3 1567 ,72 
Delphinapterus leucas 5,8 * 3 es = —_ = 

Phocoena phocoena 3,0 2 41,0 35,5 2 1142,56 
Physeter macrcce phalus 6,0 2 66,3 61,3 2 41143,96 

Mysticeti 

Balaenoptera physalus 7,4 5 135,0 124 ,3 4 4616, 27 
B. borealis 9,5 141 120,0 105,0 2 3560 ,76 
Megaptera novaeangliae 7,8 5 108,7 98,8 4 3016,47 
B. musculus 10,0 1 420,0 440,0 1 3730, 32 
Eubalaena glacialis 6,0 1 400,0 90,0 i 2543, 40 
Eschrichtius gibbosus | 8,0 1 4 1408 , 40 


73,8 67,5 


*According to the data of Kleynenberg et al. (1964) 


Toothed whales (unlike baleen) present an absolutely and relatively 
thinner optic nerve and a smaller retinal surface. In spite of the fact 
that the eye of the gangetic dolphin is markedly reduced, the correlation 
between thickness of the optic nerve and area of the retina remains the 
same as in other cetaceans. 


In all species, we find a visible difference between the diameter of 
the nerve and the diameter of the optic tract. This perhaps should be attri- 
buted to development of a retinohypothalamus (Pilleri, 1966a). 


The optic nerve of cetaceans contains fewer fibers than that of man: 


Megaptera novaeangliae (Jacobs, Jensen, 1964) 347,000 
Balaenoptera acutorostrata (Korneliussen, 1965) 326,500 
Physeter macrocephalus (Jacobs, Jensen, 1964) 172,000 
Phocoena phocoena (Korneliussen, 1965) 81,700 


- 217 - 












Pt 
Dd &,— &Pma dt 
‘5; én d 


vial 


WB ONG 









Nervus opticus 
™ oR 


ao] 
~~ 


i> 
oa 














0 2 3 45678900 2 3 465678 9000 2 3 & m2 
Retina 


Figure 132. Correlation between diameter of optic nerve and total 
retinal surface in baleen and toothed whales 


Legend: 
Dd) Delphinus delphis Pt) Phocoenoides truei 
Gg) Grampus griseus Ss) Stenella styx 
Gm) Globicephala melaena Tt) Tursiops truncatus 
Ig) Inia geoffrensis b) Balaenoptera borealis 
Pd) Phocoenoides dalli Bp) B. physalus 
Pg) Platanista gangetica Ea) Eubalaena glacialis 
Pm) Physeter macrocephalus Es) Eschrichtius gibbosus 
Pp) Phocoena phocoena Mg) Megaptera novaeangliae 


Sm) B. musculus 


3. Oculomotor, Trochlear, and Abducent Nerves 


The oculomotor nerves are lacking in the gangetic dolphin. In the Inia 
only the oculomotor nerve is present, whereas the trochlear and abducent are 
absent in all preparations examined without exception (Pilleri, Gihr, 1968; 
Gruenberger, 1969). The diameters of these nerves in other cetaceans is 
shown in Table 41. 


With few exceptions the oculomotor nerve is the thickest of nerves 
involved in eye movement. In toothed whales, its diameter ranges from 0.5 
to 2 mm and in baleen whales from 2 to 3.9 mm. It is followed, in size, by 
the abducent nerve, which is 0.9-1.5 mm thick in toothed whales and 1.8 to 
3 mm in baleen whales. The trochlear nerve is considerably thinner, reach- 
ing 0.5~-1 mm in diameter in toothed whales and 1-1.6 mm in baleen whales. 


4. Trigeminal Nerve 


This nerve is well developed in all cetaceans. It is more developed 
than the acoustic nerve in the baleen whales studied; conversely, in many 
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Table 41. Diameter (mm) of N. oculomotorius, trochlearis, and abducens 





N. oculoma- 


torius N. abducens 


Pon, Bun ~=Genus, species n N. trochlearis| n 




















Odontoseti 


tah a 


Platanista 
Inia | 
Delrhinus 

Stenella styx 

Tursiors truncatus 

Phocoenoides truei 

Phecoenoides dalli 

Grampus 

Globice phala melaena 

Phocoena phocoena 

Physeter 


Cc = 
woh | 
i>) 


wm Or OT 
— 


wee ee PE eS 
be oT Ol at fs 
= 


WOM D d& to 


Mysticeti 


Balaenoptera physalus 
B. borealis 
Megaptera 6 


3,5 4 1 
3,9 4 
2 4 
B. musculus 3 1 1,4 
2 4 
2 4 


14 


Eubalaena 4 
Eschrichtius 4 


merewnwh 
— 
mre PO 


toothed whales the acoustic nerve is thicker than the trigeminal. The area 
of its innervation involves mainly the head, where such important organs as 
the air sacs are located (see Chapter 6). 


The diameter of the trigeminal nerve (Table 42-44) is in the range of 
4 to 12 mm in toothed whales. It is considerably more developed in baleen 
whales: its diameter is greater than in the sperm whale, and it ranges from 
13 in some baleen whale species to 16 mm. A trigeminal nerve 13.5 mm in 
thickness contains 400,000-500,000 fibers (Jacobs, Jensen, 1964). As shown 
by these authors, the fin whale has a unimodal spectrum of fibers, and the 
sperm whale has a bimodal spectrum. For the time being, there is no agree- 
ment as to the state and size of the region of the nucleus of this nerve. 
It is assumed that its motor part is relatively larger in baleen whales than 
in toothed whales; however, we still do not have enough data to make a 
reliable comparison of different species. 


5. Facial Nerve 
The facial nerve also varies in thickness (Table 42-44). In toothed 
whales, the average thickness of n. facialis is 2-3 mm. The only exception 


in this respect is the sperm whale, whose facial nerve is greater in diameter 
than in all examined species of toothed and baleen whales. In baleen whales, 


= 910s 


Table 42-44. Diameter and number of fibers in N. trigeminus, N. facialis, and 
N. statoacusticus 























; } N. tri inus | » facialis i 
ae Sass ies - Wane = N. faciali ! N. statoacusticus 

Bon sak diam.| of “|, | diam,| numb. , |diam. munke 
mm jfibers mm fibers mm Pr a 

ibers| 

; Odontoceti ; i 
i 

Platanista 4 ae i{ 2 a 4S ae TLE 
Inia ; 4,2 _ 4 2,4 - 4 6,0 _- 4 
Del phinus 4,7 — 46 2,9 _ 16 6,3 _ 16 
Stenella siyx 5,0 - 8 3,0 — 8 6.0 - 8 
Turstops truncatus 7 _ 2 3 — 2 8 - 2 
Phocoenoides truei 5,3 _ 3 3,2 —_ 3 4,7 = 3 
Phocoenoides dalli 5 — 4 3 —_ i 6 _ 4 
Grampus 6 - 4 3 _ { 6,0 — 4 
Globicephala melaena 6,3 _ 4 3,4 = 4 7.3 — 4 
Delphinapterus ** 7,7 — 3 3,9 _ 3 8.4 _ 5 
Phocoena phocoena 4,5 - 2 3 —- 2 i -_ 2 
Physeter 42 490000] 4] 40 173000] 4] 44 244500} 4 

. i Mysticeti : 3 
B. physalus | 43,5 | 400000] 4 6,2 61.500 5] 10,5 153 500| 2 
B. borealis 43 _ 9g 4 44500} 9 9,4 _ 9 
Megaptera 13,3 | 500000] 6 5 55000] 6 7,3 | 179000) 6 
B. musculus 14 = { 5 = 1 12 _ 1 
Eubalaena 43 aan { 5 = 4 7 — 1 
Eschrichtius 46 au 4 5 = 4 7 = 4 


*According to Jacobs, Hensen (1964). **kAccording to Kleynenberg et al. (1964) 


the seventh cranial nerve is 4-5 mm in diameter. Only thefin whale has a 
larger facial nerve, which is 6.2 mm in ciameter. 


The number of nerve fibers in this nerve has been exactly established 
only for a few species. It constitutes about 45,000-65,000 in the examined 
baleen whales. The sperm whale presents about 173,000 fibers, i.e., three times 
more than baleen whales. All the fibers of this nerve are unimodal (Jacobs, 
Jensen, 1964); the nucleus is extensive and presents numerous subdivisions. 


(Wilson, 1933). 


6. Auditory Nerve 


As we have already mentioned, n. acusticus has a larger diameter than 
the trigeminal nerve in many species (for example, Delphinus delphis and 
Stenella styx), so that it is the thickest of the cranial nerves (Figure 133 


and Table 42-44). 
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Figure 133. Diameter of auditory nerve as function of surface of 
oliva inferior in baleen and toothed whales 


Legend: 
Dd) Delphinus delphis D1) Delphinapterus leucas 
Gg) Grampus griseus Gm) Globicephala melaena 
Ig) Inia geoffrensis Pd) Phocoenoides dalli 
Pg) Platanista gangetica Pt) Phocoenoides truei 
Ss) Stenella styx Tt) Tursiops truncatus 
Bb) Balaenoptera borealis Bp) B. physalus 
Ea) Eubalaena glacialis Es) Eschrichtius gibbosus 
Mg) Megaptera novaeangliae Sm) B. musculus 


This eighth cranial nerve of toothed whales ranges in diameter from 
4 to 11 mm. The genus Phocoena has the thinnest auditory nerves of all the 
species examined. In relation to the size of the brain, the auditory nerve 
is more developed in river dolphins than in other species. The largest abso- 
lute diameter of the auditory nerve (11 mm) among toothed whales was demon- 
strated in the sperm whale. In baleen whales, the thickness of the acoustic 
nerve ranges from 7 to 12 mm, the Atlantic right whale and gray grampus pre- 
sent the smallest size, while the blue whale presents the largest absolute 
size. 


The auditory nerve of the sperm whale has more fibers than the audi- 
tory nerve of the finwhale, which is the same in thickness. The distribu- 
tion of fibers is unimodal; however, most of the sperm whale fibers are 
5 microns in diameter, and in the fin whale they are 9 microns in diameter. 
The cochlear nuclei were examined in the common dolphin and porpoise by 
V.P. Zvorykin (1963), K. Osen and J. Jansen (1965). In both species, the 
dorsal nucleus does not present the lamination that is usual for mammals. 
This nucleus is seven times larger in Delphinus than in man. In the opinion 
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of K. Osen and J. Jansen (1965), the ventral nucleus is also very large and 
involves five cytoarchitectonic regions that are homologous to the five 
Similar subdivisions in terrestrial mammals. 


In the common dolphin, the terminal ventral cochlear nucleus occupies 
a more ventral position than in man; it is close to the base of the brain 
stem (Zvorykin, 1963). The ventral cochlear nucleus of Delphinus contains 
very many cells (654 ganglion cells per cell field versus only 259 cells in 
man). 


The volume of the cochlear nucleus of cetaceans is 6-30 times greater 
than in man (Hall, 1967): the volume constitutes 60-100 cu mm in Phocoena, 
205 in Balaenoptera physalus, 320 in Delphinapterus leucas, and 10 cu mm in 
Homo. According to the data of Zvorykin (1963), the ventral cochlear nucleus 
of the common dolphin is 15 times larger than that of man. Conversely, all 
vestibular nuclei are rather narrow and can be homologized to those of 
terrestrial mammals (Jansen, Jansen, 1969). This negligible development of 
the vestibular nuclei correlates with marked reduction of the cerebellar 
flocculus. 


7. Glossopharyngeal, Vagus, and Accessory Nerves 


The glossopharyngeus of the bottlenose dolphin consists of four branches 
that join into a common trunk, the vagus consists of 16-20 branches, and the 
accessorius consists of three. 


In the baleen whales previously studied, the glossopharyngeus (see 
Figure 133) consists of two branches (Jansen, Jansen, 1953; Pilleri, 1966a, b), 
one motor and one sensory. It appears that the accessorius is more developed 
in baleen whales than in toothed whales, but there is still no agreement on 
this score (Pilleri, 1966a, b). The localization of the nuclei of these 
three nerves does not differ markedly from that of terrestrial mammals. 


8. The Hypoglossal Nerve 


The twelfth cranial nerve of the finwhale consists of 18-20 rootlets 
that coalesce distally to form 3-4 roots (four in the seiwhale and five in 
the humpback) (Pilleri, 1966a, b). 


The rootlets form two roots in Phocoena (Jansen, Jansen, 1969). We 
counted 10 rootlets on the left and eight on the right in Tursiops. In the 
blue whale, there are four areas that can be distinguished in the nucleus of 
this nerve, which continue directly into the anterior horn of the spinal 
cord (Wilson, 1933). 


C. The Brain Stem 
In the cetacean brain stem, the medulla oblongata, pons, midbrain, 


nucleus gracilis and nucleus cuneatus are demonstrable in the typical loca- 
tions. The lemniscus medialis and the pyramidal tract are narrow. The 
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Table 45. Length and width (mm) of olivae inferiores 

















: i 
Genus, species eee WOES re. 
Pou, Bia Width Length Medulla pre side " 
width 
Odontoceti 
Piatanista 7 9 24,7 4 
Inia 44,4 16,0 0,38 69,4 Z 
Del phinus 14,4 46,0 0,59 | 69,4 45 
Stenella styx 11,9 17,4 0,60 79,9 8 
Tursieps truncatus 16,5 20,5 0,56 132,8 2 
Phocoenoides truei 45,3 18,3 0,78 109,9 3 
Phocoenoides dalli 16 18 0,66 413,0 1 
Grampus 16 49 0,88 419,3 4 
Globicephala melaena 44,5 19,8 0,87 412,7 4 
Del phinapterus * 8 17,6 0,86 110,5 4 
Phocoena phocoena 10 — 0,83 | _ 4 
Mysticeti 
B. physaius 21,8 25,0 0,45 213,9 4 
B. borealis 16,8 | 22,6 0,36 449,0 10 
Megaptera 20,5 22,8 0,69 183,5 4 
B, musculus : 24 3) 0,40 282,6 4 
Eubalaena : 18 27 0,33 | 190,8 1 
Eschrichiius 20 27 | 0,42 212,0 1 


*Data of Kleynenberg et al. (1964). 


inferior olives (see Figures 130, 131, Table 45) are very well developed in 
all cetaceans, and the nucleus of the lateral medial olives is very elon- 
gated (Pilleri, 1966a, b; Pilleri, Gihr, 1968). All these structures are 
similar in baleen and toothed whales (Jansen, Jansen, 1969). The overall 
width of the inferior olives ranges from 7 to 16.5 mm in the toothed whales 
examined, and the length ranges from 9 to 20.5 mm, the gangetic dolphin 
having the smallest size of all toothed whales and the bottlenose dolphin 
the largest. In baleen whales, the cross-section and length of the inferior 
olives reach even larger dimensions: the width is in the range of 22.6-30.m 
(the largest absolute size is found in the blue whale). 


If we compare the overall width of the inferior olive to the width 
of the medulla (see Table 45), the humpback demonstrates the highest index. 
In this species, approximately two-thirds of the width of the medulla is 
occupied by the olive. In the other baleen whales examined, the width of 
the inferior olive constitutes only one-third to two-fifths of its width. 


On the average, toothed whales have wider inferior olives, and only 
the gangetic dolphin stands out because of its narrower olives. 


There is the same linear correlation between the logarithm of the 
diameter of the acoustic nerve and logarithm of olive surface in toothed 
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Table 46. Mean width and length (mm) of colliculus anterior and colliculus 














posterior 
Genus, Calliculus anterior Colliculus posterior Area of 
species rs S g : Pa ; : coll.post. 
Pon, t Os po" S : enone gs 
wane e Ke] ca) D 2 o - Area of 
ra) ‘Aa. | OM a ao | @ 
+4 Bo |] 4 n |V As 4 a coll.anter. 
qs 
Odontoceti 
Inia 5 [| 7 ! 27,5] 3 | 47,8 | 45,8 [210,2| 3 7,6 
Del phinus 9,6} 10,0] 75,4 3 14,6 | 14,3 {160,5 3 2,1 
Globicephala melaena | 12,3 | 12,3 | 118,8 3 48,0 } 29,0 [282,46 3 2,4 
Del phinapterus* 7,5 | 14 64,8) 3 | 17,2 | 13 | 175,5 3 2,7 
Phocoena phocoena — — _ 13,0 | 12,0 $122,5 4 - 
Mysticeti#* © | 
B. physalus *** 18 | 22,51317,9] 2 | 20,0 | 20,0/314,0] 2 0,98 
B, borealis 24,0} 17,2 |324,0} 12 | 18,2 | 20,0 |285,7; 16 0,88 
| (length) 
20 
(width 
Megaptera 21,2) 16,3 |271,3| 8 19,6 | 19,6 |391,6 8 4,1 
B. acutorostrata *** 18 18 =| 254,3 4 15,0 | 20,0 |235,5 1 0,93 
B, musculus *** 20 13 204,14 4 25 23 451,4 1 2,2 
ELubalaena if 13,5 |4116,6] 4 47 14,5 |193,5 4 1,7 





*According to Kleynenberg et al. (1964). x*k**Calculated using the formula: 


*x*Left and right sides.: 
*k*kOne side only. amet 


and baleen whales: in some species the diameter of the auditory nerve dimin- 
ishes at a slower rate than the surface of the olive (see Table 45). 


The superior olive was examined in detail in Delphinus delphis by 
V.P. Zvorykin (1963). It is not located as in man (dorsally), rather, it 
is right next to the median line and reaches an outstanding size (150 times 
larger than in man). In the common dolphin, it was established that there 
are 753 ganglion cells per cell field (versus 57 in man). The exterior 
segment of the superior olive is very well developed in the dolphin, whereas 
the internal segment is disproportionately small; the opposite relationship 
applies to man (Zvorykin, 1963). The corpus trapezoideum and its nucleus 
are also well developed in cetaceans, though somewhat less in toothed whales 
than baleen whales (Ogawa, Arifuku, 1948). The volume of the nucleus of the 
corpus trapezoideum of the dolphin constitutes 87.5 cu mm, so that it is 
twice the size of the human corpus trapezoideum (Zvorykin, 1963). 


On the whole, this nucleus, the ventral cochlear nucleus, the superior 
olive, and the ventral nucleus of the lateral lemniscus involve almost the 
entire brain stem. Such correlations are encountered only in bats (Zvorykin, 
1963). 
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Table 47. Correlation between diameter of auditory nerve and optic nerve, 
and size of corpora quadrigemina and oliva inferior 


F : “Toe Toe eee 
WS AG WwW 
Line of Q& © 00 +a }° of yet 
5 v of Ord OHH Oo 
. ie 8 E ou O©O [u> + J sea © 
regression : ANN 1 NGNIOdnn | on Oo n 
a n G HOR Od |PHOYA DO Ss = 
rae [> be ee Is WM | @  KiposMe | pag = 
Helo ow Th » |oo | go°|Suse | Sos] ! 
= < 2 |e S| os 4 ESET Loe ee 
Diameters : | | 
W.opticus -- : 5004 wn = ¢ 4 7 4 
fetina suread 1020 | 3,0085 De 3,6994 | 00,4213] 2,4316} 0,1371 |0,0554/7,6035 | 17 
W.opticus -- 
anter.coll.surf430,0/2,1139] 5,98 {0,7755/0,5445 |-0,3121 | 0,41009 | 0,0984|5,2239*| 9 





W.acusticus -- 
poster.collic. 


surface 220,6|2,3437| 7,31 0,8640 | 0, 7426 |-0,8061 | 0,0663 | 0,1334] 4,2509*) 8 
N.acusticus -- 
oliva inferio 
surface 118,6}2,0742| 7,06 10,8488/0,2933) 0,2300] 0,0805 |0,0820)3,6361 *| 16 


*Reliable at the 5% level. 


While the lateral lemniscus is extremely reduced in man (only 1/200 
of the volume of the nucleus in Delphinus), in the dolphin this nucleus 
reaches the same dimensions as encountered, again, only in bats. The nucleus 
is located dorsolaterally to the superior olive. Unlike man, who presents 
25 ganglion cells per cell field in this area, the dolphin nucleus contains 
1,383 cells (Zvorykin, 1963) 


Wide differences are observed in size of the optic colliculi (Table 46) 
between cetacean species with large eyes and those with microphthalmia (Inia, 
Platanista). The length and width of the anterior and posterior colliculi 
of different cetacean species have been described by G. Pilleri (1964, 1966a, 
b). In humpback and sei whales, the length and width of the right and left 
colliculi are not the same. Asymmetry is observed with reference to the 
anterior and posterior colliculi. When comparing the magnitude of the surface 
of the colliculi, we are struck by the fact that in all the toothed whales 
examined, the posterior pair of colliculi is considerably larger than the 
anterior. This is particularly marked in Inia geoffrensis, in which the 
posterior colliculus is seven times larger in area; in the other species, 
the posterior colliculi are 2-3 times larger in area than the anterior ones 
(see Table 46). In Delphinus delphis, the posterior colliculi are 11 times 
larger than in man; differences are not demonstrable with reference to cyto- 
architectonics, although the ganglion cells are not as densely arranged in 
the dolphin (Zvorykin, 1963). 


The colliculi are almost equal in size in baleen whales (see Table 46). 
We should mention the somewhat greater deviation with predominance of area of 
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Collicutus anterior 


Figure 134. Correlation between optic nerve diameter and surface 
of colliculus anterior in baleen and toothed whales 


Legend: 
Dd) Delphinus delphis Dl) Delphinapterus leucas 
Gm) Globicephala melaena Ig) Inia geoffrensis 
Bb) Balaenoptera borealis Bp) B. physalus 
Ea) Eubalaena glacialis Mg) Megaptera novaeangliae 


Sm) B. musculus 


the posterior colliculi in Eubalaena and especially in B. musculus. This is 
the only one of the baleen whale species examined in which the posterior 
colliculus is twice as large as the anterior one. In all the cetacean 
species studied, there is the same linear correlation between the logarithm 
of the diameter of the optic nerve and area of the anterior pair of colli- 
culi (Figure 134, Table 47). Between the logarithm of the acoustic nerve 


diameter and logarithm of area of the posterior pair of colliculi, a linear 
relationship is demonstrable that is common to all the cetaceans examined 


(Figure 135). 


The pontine nuclei and the reticular formation have not been properly 
studied in any of the cetacean species. There are differences in opinion 
held by investigators as well with regard to homology of nucleus ruber. The 
substantia nigra is poorly developed in cetaceans. 


D. The Cerebellum 


In most cetaceans, the cerebellum is more developed than in terres- 
trial mammals. In toothed whales, the cerebellum is almost entirely covered 
by a large forebrain and in baleen whales, on the contrary, it is exposed 
for the most part (Figure 136). The anterior lobe of the cerebellum is 
narrow, the paramedian lobe is wide; the paraflocculus is very well developed, 
the flocculonodular lobe, conversely, is extremely reduced and differs in 
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Colliculus posterior 


Figure 135. Correlation between diameter of auditory nerve and surface 
of colliculus posterior in baleen and toothed whales 


Legend: 
Dd) Delphinus delphis Dl) Delphinapterus leucas 
Gm) Globicephala melaena Ig) Inia geoffrensis 
Pp) Phocoena phocoena Bb) Balaenoptera borealis 
Bp) B. physalus Ea) Eubalaena glacialis 
Mg) Megaptera novaeangliae Sm) B. musculus 


size in different species (Figures 137-138). However, this difference is 
valid only with reference to systematic groups within each of the suborders. 
Investigation of ontogenesis and morphology of the cerebellum of B. physalus 
made it possible to homologize parts of the cetacean cerebellum (Jansen, 
Jansen, 1953). Recently, a microscopic analysis was made of the cerebellum 
of B. borealis, Eubalaena glacialis, Megaptera novaeangliae, B. musculus, 
Delphinapterus leucas, and Inia geoffrensis (Pilleri, in litt.). This 
analysis revealed that basically the subdivision of the cerebellum into 
lobes is the same in toothed and baleen whales. The. cortex of the cere- 
bellum is thinner in all toothed whales than in baleen whales. A distinct 
difference can be observed as well in location of the lobules on median- 
sagittal section through the vermis (Figures 138, 139). In toothed whales, 
almost all the lobes are separated by deep fissures, which diverge from 

the midbrain region. In baleen whales, there is only initial radial division 
into a few main fissures, which then branch dichotomically. 


With regard to relative weight of the cerebellum (Table 48), the 
river dolphins (Platanista and Inia) stand apart from other toothed whales 
(it constitutes only 6.7-11.8% of total brain weight). In the other toothed 
whales studied, the cerebellum weight constitutes about 15-19% of total brain 
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Figure 136, 
Cerebellum of Balaenoptera borealis 
(on the left), dorsal (right) and 
lateral (top) views 
Legend: ¢,) lobulus simplex 
di-d2) lobulus ansiformis 

e,) lobulus paramedianus 

£1) paraflocculus dorsalis 

21) paraflocculus ventralis 
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weight. Almost all the examined baleen whale species presented a higher 
relative weight of the cerebellum than toothed whales (18.3-25.7%). For the 
sake of comparison, let us indicate that the human cerebellum constitutes 
about 10% of total brain weight. 


E. The Diencephalon 


1. The Epithalamus 


The epithalamus constitutes 2.8% of the total brain weight in the 
bottlenose dolphin (Kruger, 1959). The habenulae are distinctly marked in 
spite of the absence of olfactory bulbs and nerves. An epiphysis is encoun- 
tered only in some species. Thus, there is a rudimentary epiphysis in the 
sei whale (Pilleri, 1966a, b), and none at all in the humpback. At the same 
time, I. Gersh (1938) discovered an epiphysis similar in structure to that 
of terrestrial mammals in the humpback. This gland is also absent in Tursiops, 
Stenella, and Delphinus; in Balaenoptera musculus, the epiphysis is absent 
only in adult specimens and it is demonstrable in embryos (Pilleri, 1963-1965). 


2. The Thalamus 


The thalamus is very large in all cetaceans (Figure 140). In the com- 
mon dolphin, Stenella, and bottlenose dolohin, the two thalami form a massa 
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Figure 137. 
Longitudinal section of cerebellum 
of Balaenoptera borealis 
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Figure 138. 
Longitudinal section of cerebellum 
of Delphinus delphis 


intermedia. This structure is also 
present in the blue whale and in the 
finwhale; however, it is totally 
absent in the sei whale and Japanese 
beaked whale (Figure 141) (Pilleri, 
1964a, 1966a, b). 


According to the studies of C. 
Kraus, and M. Gihr (1967, 1968), the 
relative volume of the thalamus of 
the finwhale, beluga, pygmy killer 
whale, and common dolphin constitutes 
a mean of 2.8% of the volume of the 
brain and is comparable to that of 
the Macaca. 


The relative volume of the anter- 
ior thalamic nucleus in relation to 
the entire thalamus constitutes 0.16% 
in the small killer whale, 0.20% in 
the common dolphin, and 0.49% in 
beluga, whereas in the finwhale it 
goes up to 0.66%. The mean relative 
volume of the anterior nucleus of the 
thalamus of cetaceans (0.35%) is vis- 
ibly lower than the lowest relative 
volume in primates. The same applies 
to the main nucleus of the anterior 
thalamic nucleus. This nucleus con- 
sists of the nucleus anterior princi- 
palis and nucleus medialis, which make 
up most of the anterior nucleus. Con- 
versely, the anterodorsal nucleus is 
negligibly developed in cetaceans: its 
volume in relation to the entire thala- 
mus ranges from 0.014 to 0.02% in toothed 
whales and constitutes only 0.004% in 
baleen whales. The medial geniculate 
body occupies 800 cu mm, and the lateral 
geniculate body 550 cu mm in the bottle— 
nose dolphin (Kruger, 1959). In the 
common dolphin, the medial geniculate 
body occupies all the entire caudo- 
ventral part of the thalamus. It con- 
tains more cells than that of man 
(11,454 in the dolphin and 2,838 in 
man (Zvorykin, 1963). 
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Figure 139. Structure of cerebellum in different species of baleen 
whales (semischematic) 





Legend: 
A) Eubalaena glacialis E) B. musculus 
B) Megaptera novaeangliae f£) flocculus 
C) Balaenoptera physalus n) nodulus 
D) B. borealis pf) pedunculus flocculi 


3, The Hypothalamus and Neurosecretion 


In all species, the hypothalamus is relatively smaller (Figure 142) 
than in terrestrial mammals; it is maximally reduced in the sperm whale 
(Table 49). The hypothalamic coefficient expresses the correlation between 
length of the hypothalamus and length of the brain (the larger this coeffi- 
cient, the longer the hypothalamus is in relation to the brain, and the 
smaller it is, the larger the telencephalon). In toothed whales, the hypo- 
thalamic coefficient ranges from 0.03 to 0.09. The coefficient has the 
highest value in the porpoise. In all toothed whales (with the exception 
of Phocoena), the hypothalamic coefficient is lower than in man. In baleen 
whales, it ranges from 0.065 to 0.109, and the lowest coefficient is demon- 
strable in the finwhale, the highest in the humpback. 


Anteriorly, the hypothalamus is circumscribed by a very thin terminal 
plate. Dorsally, it reaches the massa intermedia and on the ventral side 
it passes into the hypophysis (see Figure 140). The recessus supraopticus 
is not deep, and the recessus hypophyseos, on the contrary, is deep. The 
corpus mamillare is very narrow in all spvecies (see Figure 142, but micro- 
scopically its nuclei are distinctly visible. 
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Table 48. Absolute and relative weight of the cerebellum of some cetaceans 

















and man 

Genus, spec.| APSO Relative Genus, ag Reree eee 
Pon, Baa td) ee Fl n | Pox emt specie * | total n 

drams eee W 5 Iprainwt. 

Odontoceti Mysticeti 

Platanista 40 6,7 4 B. physalus 4575 25,7 2 
Inia 65 44,8 9 |B. borealis 867 19,4 441 
Del phinus 430 48,6 4 | Megaptera 850 19,4 4 
Globicephala —_me- 443 * 18,3* 3 B. acutorosirata 590 18,3 4 
laena B, edeni 950 22,9 4 
Del phinapterus 340 15 4 || Eubalaena 600 21,8 1 
Homo sayiens 148 10,4 2 


*Together with medulla oblongata and pons 


F. The Hypophysis 


A typical feature of cetaceans is the separation of the neurohypo- 
physis and adenohypophysis (Figure 142). Absence of a typical sella turcica 
is also typical for cetaceans. The hypophysis is in the dural pocket, which 
is surrounded by a vascular rete mirabile. The shape and size of both parts 
of this gland vary in each of the cetacean species; however, in principle 
the arrangement is very similar in toothed and baleen whales. In some 
species both parts of the gland (adenohypophysis and neurohypophysis) are 
within the dura mater, in others only the adenohypophysis is contained in 
it, whereas the neural part of the gland is outside the dural pocket (see 
Figure 142). 


Neurosecretion in the form of Gomori-positive granules (Figure 143) 
arranged like a strand of beads was demonstrated in the sei whale and beluga, 
in the large cells of the hypothalamic nuclei and in the posterior lobe of 
the hypophysis. The anterior lobe of the hypophysis presents a Gomori- 
negative reaction (Pilleri, 1963). To date, the other cetacean species 
have not been studied with reference to neurosecretion. 


G. The Telencephalon 


The cetacean telencephalon presents the typical shape with a larger 
transverse diameter than longitudinal one. Only in the Atlantic whale is 
the brain elongated, whereas in all other species some degree of "round- 
headedness" is typical. 


The hemispheral cortex has an abundance of fissures, and it is well 
marked in all cetaceans (Figure 144). The hippocampal formation is rela- 
tively small in toothed and baleen whales, and the fornix is of normal thick- 
ness (which could be tentatively attributed to passage of extra-amonal pro- 
jections from the temporal lobe toward the fornix. The temporomedial 
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Figure 140, 

Longitudinal section of brain stem and 
diencephalon of Balaenoptera borealis 

a) corpus callosum 

b) thalamus (ventricular surface 

without massa intermedia 

c) fornix 

d) commissura posterior 

e) pedunculus cerebri 

f) chiasma nervorum opticorum 

g) aqueductus mesencephali 

h) lamina quadrigemina 

1) third ventricle 





structures present macroscopically a relatively small triangular structure 
separated from the rest of the temporal cortex by the continuation of the 
fissura retrosplenialis. Medially from the retrosplenial fissure is a 
visible sulcus hippocampi as the caudal boundary of the nucleus amygdalae 
and Ammon's horn, the gyrus lunaris and gyrus ambiens are only designated. 
The above-described distinctions are typical, with minor deviations, for 
both baleen and toothed whales. The amygdaloid complex is better marked 

in baleen whales and constitutes 0.23% of the total weight in the sei whale 
and 0.19% in the humpback (Pilleri, 1966a, b), which is close to the values 
that are typical for man (0.22%). 


Medially to the poorly marked fissura renalis anterior is the large 
olfactory tubercle (Figure 145). Between the stria olfactoria lateralis and 
the tuberculum there is a visible fissure, which corresponds to the sulcus 
endorhinalis of terrestrial mammals (Beccari, 1943). Caudally to the olfac- 
tory tubercle passes a poorly developed s. diagonalis, because of which the 
olfactory tubercle can be separated from the spatium parolfactorium basale. 


The insula is very large in all the cetacean species examined, and 
only in Platanista is it negligibly developed. We counted 17 insular gyri 
in the sei whale, 16-18 in the humpback, and 10 in the blue whale. The 
number of gyri depends largely on overall development of the brain; this 
can be seen particularly well in baleen whales (Figure 146a, b). The 
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Figure 141. 





Top: 
a) 
b) 
c) 
d) 


e) 
f) 


g) 


Legend: 


ventriculus lateralis 
stria terminalis 
thalamus 

corpus geniculatum 
mediale 

third ventricle 
fornix 

colliculus anterior 


Bottom: 


a) 
b) 
c) 
d) 
e) 


f) 


g) 
h) 
i) 


fornix 

ventriculus lateralis 
nucleus caudatus 
thalamus 

pedunculus mesence- 
phali 

hippocampus 
putamen-claustrum 
insula reili 

lobus temporalis 


Overall view of thalamus (top) and frontal section of 
cerebral hemisphere (bottom) of Balaenoptera borealis 
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Table 49. Hypothalamic coefficient in some toothed and baleen whales, and 
man 


i Length of 
Genus, Species hypethal. 


total brai 


length 


Pon, BRA 


Odontoceti 
Inia 0,065 4 
Delphinus . 0,059 16 
Stenella styxr 0,061 8 
Tursiops truncatus 0,046 2 
Phocoenoides truei 0,046 3 
Phocoenoides dalli 0,057 4 
Grampus 0,063 1 
Globicephala metaena 0,076 4 
Del phinapierus 0,074 2 
Phocoena phocoena 0,003 1 
Physeter 0,03—0 ,04 1 
Muysticati 

B. phusalus 0,065 4 
B. borealis 0,07 4 
Megapiera 0,109 6 
B, musculus 0,085 1 
Eubalaena 0,103 1 
Eschrichtius 0,095 t 

1 


Homo sapiens 0,080 


increased development of the temporal lobes provides for total coverage of 
the insula. The arrangement of the gyri on the remainder of the neopallium 
does not present any substantial differences in baleen and toothed whales 
(Pilleri, 1964, 1966a, b; Gruenberger, 1969). 


Homologization of the convolutions of the cetacean cerebral cortex 
to that of other mammals remains open until the structure of the cortical 
fields is studied. The general pattern of the convolutions upon growth 
comparison resembles the pattern that is typical for Carnivora, with 
eccentric arrangement of the convolutions around the sylvian fissure. 

The fissural pattern of the brain is the simplest in the gangetic dolphin 
(Anderson, 1878; Pilleri, 1966b). 


The fine structure of the cerebral cortex has been studied in very 
few species and quite fragmentarily thus far. Using various methods, 
lamination is distinctly demonstrable in Balaenoptera borealis, Globi- 
cephala melaena, Tursiops truncatus, Delphinus delphis, and Platanista 
gangetica (Figures 147, 148). The first, second, and fifth layers are the 
most distinctly visible. As in higher primates, the second layer is 
thinnest in cetaceans and the sixth is the widest. We are impressed by the 
considerable width of the first layer in all cetaceans. Neither the 
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Figure 142. 
(see legend on the next page) 
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[Continued from Part I] 


Chapter 10 


HEARING AND ECHOLOCATION 


The specificity of the way of life of cetaceans, the extremely broad 
spectrum of frequencies that they use for echolocation and communication 
purposes, as well as the definite importance to them of analyzing different 
signals, of which there is such an abundance in water, give us some weighty 
basis for a special and comprehensive consideration of the structure of the 
organ of hearing of cetaceans, characteristics of the sounds they emit and 
hear, and questions of generation of sonic oscillation, and action of their 
echolocation system. We discuss below the characteristics of the sounds 
emitted by cetaceans, structure of the ear, mechanism of generating and 
receiving acoustic signals, characteristics of the sound field of the 
cetacean hydrolocator, and some general questions of theory of auditory 
perception that are important to shed light on the problem of function of 
the cetacean organ of hearing. 


I. Sounds of Cetaceans 


Cetaceans emit numerous and diverse sounds, which could be descrip- 
tively characterized as a roar, moan, lowing, shriek, click, trill, crackle, 
blow, shot, etc. By now it may be considered established that all cetacean 
species emit sounds, but not all of the genera and families have been inves-— 
tigated to the same extent in this regard. Best studied are the signals of 
toothed whales (particularly different dolphin species), but among the 
Odontoceti, no studies have been made in this direction at all of beaked 
whales, about whose sounds we only know because of the rare descriptions 
of authors who heard the shrieks of animals when they dried up and were 
wounded. The sounds of the narwhal and certain other species have not been 
investigated.* 


A. Sounds of Toothed Whales 

The sounds of toothed whales cover an exceptionally broad frequency 
spectrum, ranging from several hertz to almost 300 kilohertz. These signals 
can be divided into pulsed and continuous. Pulsed signals (clicks) consist 
*This gap has been bridged to some extent by the work of W. Watkins et al. 
(1971). 
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Figure 149. 
Frequency spectrum of echolocation 
signals 
Legend: 

A) Steno bredanensi at different 
angles to hydrophone (loga- 
rithmic frequency scale, 

1.44 khertz filter) (Norris, 
Evans, 1967) 

B) Tursiops truncatus with simul- 
taneous echolocation by eight 
dolphins; signal recorded in 
the range of 10-100 khertz; 
the most saturated tracing 
segments are assembled in a 

ring and analyzed ona 
is " eitonerts eae type spectroanalyzer; 
amplitude of components —~ 
according to mean value of 


Echoloc.click 7 


Mean volume, db 


Echoloc.click in ocean 





Pstandardized an aggregate of signals (data 
Vixed kilohertz of A.Ye. Reznikov) 
} can git 





herp 


Paes) foe CR coos es Fs Bl gf 
ea aa ag 0 


hertz 


of separate signals in a broad frequency band (with maximum intensity of 20 
to 50 khertz) and very steep anterior front lasting on the order of 0.1 msec. 
The frequency of emission of such pulses per second may range from a few to 
hundreds, and when heard, they merge into chirping, squeaks, or a bark. The 
duration of each signal may vary from click to click and usually diminishes 


with increase in number of pulses per second, as well as in a tank as com- 
pared to the sea. 


The click-type signal can be described in toothed whales as "white 
noise"! with reference to its spectral composition, since there are frequen-- 
cies covering a very broad range in it (it would be more precise to consider 
them merely as broad-band frequencies) (Figure 149a, b). The frequency band 
of a click varies in an animal depending on circumstances. For discrimination 
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the higher frequencies are generally used,* and for orientation the lower 
and longer ones (several milliseconds). These signals may stimulate a 
strong echo. Both types of signals are known for the bottlenose dolphin 
(Norris, Evans, 1967), false killer whale (pilot whale, and pygmy killer 
whale (Schevill, Watkins, 1962); Norris, 1969). It turns out that such sig- 
nals were long known for the sperm whale to submariners under the name of 
"carpenter fish." 


The duration of clicks also varies in different species: it is briefest 
in Steno -- 0.1 msec (Norris, Evans, 1967) and longest in the killer whale -- 
25 msec (Schevill, Watkins, 1966). The bottlenose dolphin emits double 
clicks (Figure 150), each lasting 0.4-0.7 msec, at an interval of about 
1 msec (Norris et al., 1966). The “standard batches" of sperm whale clicks 
are even more interesting (6-9 pulses lasting 0.1 to 2 msec each, the total 
time for emitting a "batch" is about 24 msec). The distribution of clicks 
in time and intensity within a batch is different in different specimens 
(Figure 151), which suggests that they are used for individual identification 
(Backus, Schevill, 1966). Since the interbatch interval constitutes 1.25 
seconds in the sperm whale, it is probable that this is a unique "isolated" 
signal rather than a series of pulses that is common to other toothed whales. 


In the killer whale, the clicks are very typical in that there is a 
narrow-band 250-500-hertz component and low-amplitude high-frequency compo- 
nents. The killer whale emits trains of clicks 10-15 in each, with a low 
repetition rate. A typical train begins at the higher frequencies and ends 
with low ones (500-350 hertz). The duration of a single click is 10-25 msec 
in the killer whale. Low-frequency clicks are characteristic for the por- 
poise (main frequency is 2 khertz), pilot whale (main frequency of 1.2-1.5 
khertz), Inia (main frequency up to 16 khertz) (Schevill, Watkins, 1962; 
Caldwell et al., 1966; Busnel, Dziedzic, 1966). The pulsed signals usually 
accompany echolocation. Since there are complex tonal variations within each 
click, the low-frequency clicks (up to 20 khertz) may also be involved in 
communication (Lilly, Miller, 1961). Furthermore, the very nature of acous- 
tic echolocation activity of the animal must have a communication meaning. 


In our experiments, bottlenose and common dolphins emitted signals of 
the click type both singly and in trains varying in duration.** We failed to 
observe a linear correlation between frequency of signals and distance to target 


*It was shown experimentally (according to the data of A.Ye. Reznikov) that 
the nature of the oscillatory process of a click does not change appreciably 
in the presence of different repetition frequencies. However, in the spec- 
trum of sounding irradiation (the click with reverberation), with increase 
in frequency of repetition, a relative elevation is observed in level of 
reverberation, occasionally up to the level of the first click. This compli- 
cates the structure of the sounding pulse and increases the relative number 
of high-frequency components in the spectrum. 

**This part of the chapter was written by acoustics engineer A. Ye. Reznikov. 
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Figure 150. 
Paired clicks of Tursiops gilli with 
repetition rate of 40-50 hertz 


(recorded under water, Norris, Evans, 
1967) 





Figure 151. Oscillogram of four clicks emitted by two sperm whales 
(Physeter macrocephalus) (Backus, Schevill, 1966) 
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Figure 152. 
Instantaneous signal frequency as func~ 
tion of distance between target and 
anterior point of frontal prominence 
in Tursiops truncatus 
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(Figure 152). There seem to be two echolocation phases: normal and forced. 
In the first phase, the signal frequency was in the range of 10-50 hertz, and 
the interval between them constituted 10-20%. The second phase, forced 
emission, was observed at a distance of 0.4 meter from the goal, 0.3-0.25 sec 
before the animal captured a fish. Within 1-2 intervals between pulses, the 
instantaneous signal frequency (Fyy,>5¢ is the reciprocal of the interval 
between signals) "jumped" to 200 hertz and then continued to rise smoothly 

to 500 hertz; after capturing the fish, it dropped to 250 hertz. 


The click itself is observed in the form of an oscillatory process 
with several pressure gradients changing in sign and lasting about 0.1-0.3 
msec. The clicks do not demonstrate filling [frequency content?] that would 
be organized in accordance with a specific elementary law or sound filling. 
Emission of double click signals at an interval of the order of 0.1 msec 
was also observed. During echolocation by common dolphins and bottlenose 
dolphins, "noise-like" bursts were also recorded, lasting several dozen msec 
(up to 50-70). These signals, even when amplified 16 times, are perceived 
as short, strong blows. Analysis of film frames synchronized with a magnetic 
recording revealed that appearance of these signals usually coincides with 
the moment that the animal catches a fish or when the latter moves in the 
mouth. This warrants the belief that they arise when the teeth and jaws 
hit one another. Since opening the mouth and the clicks made by the jaws 
express an emotional state, the sound pulses are most likely communicative 
signals and do not have a direct relation to echolocation. 


Another major class of sounds made by toothed whales consists of sig- 
nals that are called continuous. Some of them are perceived by the ear as 
whistles that are almost monochromatic, amplitude and frequency modulated, 
lasting 0.1-3.6 sec, at a frequency of 4-20 khertz. Other sounds of this 
class have a more complex spectral composition and are perceived as a roar, 
howl, hollow sounds, etc. They are characterized by the complexity of a 
whistle and pulses. The whistles are usually classified as communication 
signals, although the possibility has not been ruled out that they are also 
used for echolocation. Let us consider some of them. 
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While searching for food, the common dolphin and pilot whale emit 
whistles and clicks. The whistle consists of two parts: the first, which 
lasts 0.25 sec, with a frequency drop to 6 khertz, and the second lasting 
0.35 sec with a mean frequency of 10 khertz; there is a 6.5 msec interval 
between clicks (Busnel, Dziedzic, 1966). 


The penetrating shrieks of beluga last 2-1.8 seconds and have a main 
frequency of 0.6-0.75 khertz; they are 10-20% modulated and are common during 
increasing alimentary activity, for example, when pursuing prey. Sharp, 
clapping sounds accompany "hierarchic" behavior of the beluga and bottlenose 
dolphin when nursing, and they could be called warning or scaring. In the 
beluga they last about 4 msec, and they have a broad frequency range. Por- 
poises are characterized by a dominant signal of 2-3 successive shrieks at 
an interval of 0.2 sec, and a frequency of 2 khertz (Busnel, Dziedzic, 1966). 


After nursing, it is common for the beluga to emit trills, which are 
low-amplitude signals lasting up to 2.5 sec at a frequency of about 1.3 khertz. 
Shrieks, barks, whimpering sounds are associated with various emotional states 
in dolphins when nursing and mating. Thus, in the beluga, the shriek (last- 
ing 50-180 msec) consists of short, overlapping components at a frequency of 
1.25-2.2 khertz (up to 13 khertz), and it is typical only for females. The 
hollow sounds and roar are inherent only to male beluga. They have been 
recorded from a male pursued by a female, and they change rhythmically in 
amplitude (Fish, Mowbray, 1962). While courting, the signals of the porpoise, 
bottlenose, and common dolphins are manifested in comparable situations. 

These are high-intensity squeaks lasting 1 sec each with frequency modulation. 
(2.5 khertz) (Busnel, Dziedzic, 1966). 


Pure tone signals are not known for porpoises, killer whale, sperm 
whale, and Inia. In porpoises and killer whales, there are usually vari- 
ations in repetition rate, which are heard as varying from frequency—modu- 
lated chirping to separate pulses, and the sound range does not exceed 20 
khertz. 


Under conditions of forced isolation, the common dolphin emits a 
short whistle (lasting about 0.25 sec), which begins and ends at a frequency 
of 13 khertz (minimal frequency is 8 khertz). Alarm signals emitted by 
this species are even shorter (0.12 sec), and more frequent (repeated every 
0.2 sec). These whistles begin and end at 14 khertz (minimum frequency is 
10 khertz). Thus, the alarm signal of the common dolphin resembles the 
isolation signal with regard to structure, but it is shorter and has a 
higher frequency (Busnel, Dziedzic, 1966). In the bottlenose dolphin 
(Caldwell et al., 1962), the alarm signal resembles a gunshot in volume 
with maximum intensity at a frequency of 0.1-8 khertz, so that it has a 
far range (Evans, Prescott, 1962). 


' We can compare the anxiety signal of porpoises to the bleating of 
sheep (0.14-1.55 sec with maximum energy at 2 khertz, sequence of clicks 
on the order of 130-200 per second). This signal disappears a few days 
after a dolphin becomes familiar with his tank. A comparable signal was 
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noted in the bottlenose dolphin (Caldwell et al., 1962). The bottlenose's 
typical SOS signal is two whistles (0.2-0.6 sec); the first begins at 3-5 
khertz, and it increases to 8-20 khertz; the second begins at a frequency 
of 8-20 khertz and drops to 3-5 khertz thereafter (Lilly, Miller, 1961). 


It was noted that the cry of a wounded bottlenose and the alarm signal 
that follows did not elicit any changes in behavior of common dolphins 
(Busnel, Dziedzic, 1966), which is related to a difference in interspecific 
signals. An observation of pilot whales serves as some confirmation of 
this, since analogous whistles of northern and southern pilot whales are 
well distinguished (Schevill, 1964). The bottlenose dolphin and pilot whale 
express their dissatisfaction with man by regurgitation and smacking sounds. 
When quiet, the bottlenose emits barking sounds (main frequency 0.2-0.3 
khertz with a range of up to 16 khertz) lasting 0.1 sec each (Evans, Prescott, 
1962). 


B. Sounds of Baleen Whales 


Baleen whales emit typical low-frequency long shrieks (as compared 
to toothed whales) with a narrow frequency band. The sounds of baleen whales 
have been studied less thoroughly. In the finwhale, the most common sound 
consists of 20-hertz narrow-band pulses (2-3 khertz) and with very high 
intensity -- 70-76 decibels (1 mb per 0.9 meter}. The most diverse sounds 
are noted for the humpback, and they are apparently related chiefly to 
reproduction (Schevill, Watkins, 1962). The humpback emits loud, low- 
frequency sounds (apparently at a frequency of up to 1 khertz). The unusual 
sound of "sibilant expiration" of the humpback, which is audible both in 
the water and in the air, is apparently produced during expiration and lasts 
about 2 seconds. This unique sound has been recorded concurrently in the 
water and in the air from several humpbacks. Within 10 minutes, 24 whistling 
sounds were recorded, alternating with sounds of normal breathing. Evidently 
these sounds are emitted voluntarily and are obviously different from those 
made during normal expiration. Even in the air they are much louder (by 
35 db) than the normal sound of expiration. Their frequency is higher under 
water (up to 2 khertz) than ordinary underwater sounds, but they are of the 
same volume (Watkins, 1967). 


Pulsed signals are attributed to fin whales; they have been recorded 
by many researchers in the North Atlantic and Pacific (Schevill et al., 1964). 
These signals have a frequency of 20 hertz, and they last 1 sec (Figure 153). 
They continue at regular intervals, several times a minute, for 15 minutes, 
then there is a 2-3-minute pause, and this continues for many hours. As a 
result of the high power of the signal (1-25 watts), they are detectible in 
shallow water at a distance of up to 50 km. An interesting correlation has 
been noted between the distinctions of fin whale electrocardiogram and details 
of sonic pulses. However, B. Patterson and G. Hamilton (1964) believe that 
these sound signals cannot be directly related to heart function due to the 
excessively high power. P.E. Perkins (1966) describes fin whale signals in 
the range of 1,500-500 hertz lasting 50-60 seconds. He believes that this is 
an alarm signal. 
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Figure 153. 
Oscillogram of typical 20-hertz pulse 
of Balaenoptera physalus (Schevill, 
Watkins, 1966) 


lees sec 


R. Eberhardt and W. Evans (1962) recorded signals in the range of 40- 
700 hertz with maximum energy at 80-300 hertz. Each signal lasted about 
0.1 sec and consisted of 4-5 components. Neither whistles nor clicks were 
demonstrated. W. Schevill (1964) demonstrated gray whale sounds during 
courting, but did not observe them during nursing. Thus far no echolocating 
signals have been discovered in baleen whales (Rasmussen, Head, 1965). 
Occasionally short sounds are attributed to gray whales that are similar 
to the echolocation clicks of toothed whales (Wenz, 1964; Gales, 1966), but 
special studies lasting many hours failed to record anything except bubbling 
air sounds in the respiratory tract and low-frequency "moans" in rorquals, 
gray and right whales (Schevill, Watkins, 1962; Eberhardt, Evans, 1962). 


II. Mechanism of Sound Generation 


The sharp differences in structure of the respiratory system of baleen 
and toothed whales (see Chapter 6) are completely consistent with the sharp 
differences in the sounds emitted. This serves as the basis for the assump- 
tion that there are absolutely different mechanisms of sound generation in 
baleen and toothed whales. 


A. Sound Generation in Toothed Whales 


There are three pairs of sacs, and external and internal valves in 
the external nasal passage. Nasofrontal sacs and special muscular plugs 
constitute the valves (Lawrence, Schevill, 1956). 


In most toothed whales, expiration is an active part of the respira- 
tory act and requires only 0.3-0.4 sec. Inspiration is passive, due to 
relaxation of thoracic muscles and diaphragm. Our observations of respira- 
tion in dolphins revealed (Bel'kovich et al., 1967) that the nasal plugs 
close first and then only the external valves. Immediately after this, 
there is some contraction of thoracic muscles and diaphragm, which increases 
the air pressure in the entire system. According to readings taken in the 
larynx, it constitutes about 20 mm Hg (Lilly, 1961). This provides the con- 
ditions for air to fill all the sacs in the external nasal passage (Bel'ko- 
vich, 1970b). 
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Figure 154. Diagram of function of external nasal passage of the 


Legend: golphis. 
I) expiration -- inspiration 2) vestibular sacs 
II) apnea 3) nasofrontal sacs 
III) generation of clicks 4) premaxillary sac 
IV) structure of internal valve 5) internal valve 


1) orifice of external nasal passage 6) larynx 


During expiration -- inspiration the entire airway constitutes a 
single system and when diving it may be divided by muscular sphincters and 
valves into segments in which air pressure is different and can be volun- 
tarily altered through active contraction of the musculature of the air- 
filled sacs (Figure 154). This provides the prerequisite for creating the 
required pressure at a given depth and for fine regulation of respiration 
in order to create the entire diversity of echolocation and signal zones, 
to alter their intensity, frequency, etc., due to jet and vibration effects. 


Under water, a small jet of fine air bubbles is emitted through the 
animal's blowhole, and at this moment a whistle is audible through the hydro- 
phone, occasionally even above water. All other types of sounds are not 
associated with emission of air, and they arise due to compression of air in 
the closed system of the external respiratory tract. 


There are well-developed muscles (see Chapter 6) and many folds, 
including vocal ones, in the larynx (Gracheva, 1971), which is indicative 
of the possibility of generating various sounds. These sounds can be used 
for navigation and communication since they can be transmitted through a 
cartilage located between the maxillary bones, directed in a narrow beam. 
On the sides, the larynx is covered by the pterygoid sinus, and it is 
acoustically isolated from other parts of the head, which has been well 
demonstrated in direct experiments (Purves, 1966). 


The internal valve of the nasal passage, in the form of a pair of 
muscular plugs, is located above the nasal septum. In closed position, the 
plugs are against a fine membrane going obliquely from the middle of each 
of the passages. The anterolateral plugs are adjacent to the walls of the 
passage and premaxillary sacs. In the tissue surrounding the nares, on the 
side of the cranial wall, there is a tubular (nasofrontal) sac, and its 
anterior branches go to each plug, providing for controllable closing of the 
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Figure 155. Routes of emitted and perceived sounds in the dolphin 
head (according to Norris, 1964, 1969) 


Figure 156. 
Areas of rapid (+), slow (#), and 
unsuccessful (-) location of fish by 
Tursiops truncatus with eye patches 
(Norris et al., 1961) 





nasal passage by the plugs. This occurs because of the configuration of the 
vestibular part of the sac that coincides with the margins of the plug 
(Lawrence, Schevill, 1956) and, due to a round cartilaginous band, restricts 
upward movement of the plugs. The tubular sac is double, with "bridges" in 
the middle, in the anterior and posterior horns; each of the horns is con- 
nected through a round opening in the medial posterior part to the nasal 
passage. The opening is located in a fold and leads to the lateral dilated 
part of thesac. In this indentation the "horns" of the plug can enter 
tightly, so that in closed position the plug blocks this opening. There are 
diagonal membranes going obliquely from the olfactory bones to the dorso- 
lateral margin of the osseous nasal passages, and they can participate in 
emission of sounds when the plugs move. In this case, the plugs and membrane 
serve as the source of sound. Perhaps (Norris, 1969) the membrane is part of 
a measuring system to control the amount of air passing through the passage. 
The lip of the blowhole may participate in creating smacking sounds and 
regurgitation sounds on the surface. 


In the common dolphin, the blowhole lips are asymmetrical, and the 
right is almost twice as large. We know that dolphins can learn to "squeak" 
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with the open blowhole; if one looks into it, one can see vibrating margins 
along the sides of the internal plug (Norris, 1969). However, it is not 
clear whether sounds are generated expressly here or somewhere deeper. Ulti- 
mately, one must believe that the echolocation clicks arise somewhere in the 
area above the rostrum due to vibrations of the internal plugs, although the 
possibility is not ruled out that the sounds originate at a deeper level, in 
the respiratory system. 


The sperm whale has a very complicated system of airways; probably 
the left passage is used to generate sound; its diameter is only one-seventh 
of the right one, which serves for breathing (Kernan, Schulte, 1918; Raven, 
Gregory, 1933). The spermaceti sac of the pygmy sperm whale and Inia goes 
deep into the nasal plugs, thus opening a direct route for transmission of 
sounds under water. 


Some investigators believe (Schevill, 1964) that whistles originate 
in the elongated cartilages of the larynx, although some are of the opinion 
that they are produced by the nasal sacs (Lilly, 1962; Tomilin, 1955). With 
regard to the clicks, most investigators agree: it is believed that they are 
produced by the sacs in the external nasal passage (Evans, Prescott, 1962; 
Wood, 1954, and others). It was experimentally confirmed that the larynx, 
osseous and external nasal passages are important to sound generation, and 
this was done by passing air under a pressure of 0.07-0.14 atm through these 
regions in the head of a dead dolphin. The sounds thus obtained were found 
to be similar to their natural sounds (Evans, Prescott, 1962). The investi- 
gations of P.E. Purves (1966) demonstrated the importance of the larynx in 
producing sounds; however, we believe that the structure of the larynx is 
the most suitable for producing whistle signals. 


Thus, at present, several possible sources of sound have been dis- 
covered, including 1) the larynx as a whole; 2) the margins of the arytenoid 
cartilage of the larynx; 3) the membrane in the supercranial nasal passage; 
4) internal nasal plug; 5) external respiratory orifice. Movement of the 
lateral parts of the blowhole is observed in dolphins in captivity when 
emitting rasping and smacking sounds on the surface. Perhaps these are sig- 
nal sounds. 


A study of the signals emitted by the common dolphin reveals that a 
whistle may be interrupted by a click or a train of clicks and then continued 
again (Busnel, Dziedzic, 1966). These same authors showed that the common 
dolphin and pilot whale can emit a whistle simultaneously with clicks. Under 
experimental conditions, investigation of bottlenose dolphin behavior also 
revealed many times that there is simultaneous generation of whistles and 
clicks, shrieks, barks, and other complicated sounds (Lilly, Miller, 1961). 


The very variable maximum click repetition rate, from 230 to 1,200 
hertz in the bottlenose dolphin, is indicative of the refinement and complex- 
ity of the system of generating sound signals in cetaceans. At the same time, 
A.Ye. Reznikov showed that the form of oscillatory process in the clicks 
proper may remain unchanged from pulse to pulse, it can change smoothly, it 
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can change in "jumps," assuming an utterly new form at some point. Such 


evolution of the signal may occur without visible change in signal frequency 
rate and without change in the echolocating situation. 


B. Sound Generation in Baleen Whales 


Evidently, in baleen whales, the larynx plays the main part in gener- 
ating sounds; adjacent to the larynx is a distinctive laryngeal sac (see 
Chapter 6), which is not present in other mammals. The function of this 
sac is not quite clear, perhaps it serves as a unique sounding board or 
it intensifies infrasounds (Bel'kovich, Yablokov, 1963c). P. Purves (1966) 
compares it to the laryngeal dilatation of toothed whales. 


In the humpback (Watkins, 1967), the whistling sound begins with an 
increased amplitude and gradual elevation of frequency components, which 
coincides with visible compression of the blowhole margins. During the 
remainder of expiration, the signal rate is almost constant, but it dim- 
inishes toward the end as air pressure drops or as blowhole tension dimin- 
ishes. The obvious partial compression of the lips of the blowhole and 
their vibration during emission of sounds are apparently indicative of the 
fact that the sound is produced by the blowhole during expiration (the 
sound is emitted on the surface but is audible under water). Perhaps, on 
the contrary, the flow of air causes the blowhole lips to vibrate. On the 
surface, the sound is produced by vibration and eddies of exhaled air, and 
under water only by air vibration in the respiratory tract. To some extent, 
this sound is analogous to some of the sounds of dolphins also produced with 
the blowhole open on the surface (the sound is well audible on the surface, 
but not under water). 


III. Characteristics of the Sound Field 


There is no question that the main part of the system that generates 
sounds in toothed whales is located on the bed formed by the cranial bones. 
In front of them there is development of a fat pad that varies in shape in 
shape in different species, but not necessarily present in all. W. Evans 
and J. Prescott (1962), and independently of them V.M. Bel'kovich and A.B. 
Yablokov (1963a), voiced the assumption that the walls of the skull serve 
as a sort of reflector, while the frontal prominence serves as a distinctive 
"lens" that concentrates and directs the acoustic beam (Figure 155). Thus, 
the head of toothed cetaceans could be compared, to some extent, to an 
"acoustic projector" (Bel'kovich, Yablokov, 1963a). These assumptions find 
confirmation in analysis of the structure of the supercranial nasal passages 
and configuration of the skull in toothed cetaceans that are ecologically 
different (Bel'kovich, Yablokov, 1963c; Norris, 1964). 


K, Norris et al. (1961) were the first to obtain clear-cut data indica- 
tive of directional irradiation of sounds. The bottlenose sounds were 
recorded using a hydrophone that could pick up oscillations in a narrow band, 
in the range of 100 khertz. The hydrophone picked up the most effectively a 
signal emitted by the animal when the head of the dolphin was strictly 
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directed toward the hydrophone. Then too it was found that by means of echo- 
location the dolphin is able to find pieces of fish in different areas about 
the head (Figure 156). 


Thereafter, W. Evans and J. Prescott (1962) obtained experimental data 
with regard to directional emission in dolphins by blowing air through the 
respiratory tract (including the larynx) in the head of the bottlenose and 
Stenella. W. Evans et al. (1964) submit more graphic data on measurement of 
sound pressure from a miniature source place in different parts of the skull 
and in the region of the Stenella and bottlenose larynx. The readings were 
made both in the horizontal and vertical planes. It was found that the 
sound produced above the skull in the region of the nasal sacs is reflected 
upward and outward in a beam. The angle of the maximum reflection of the 
signal upward constitutes 15° above the rostrum, and in the horizontal plane 
it is 30-40° to the right or left of the rostrum. When the source was placed 
in the region of the larynx, the point of maximum sound shifted 90° below 
the rostrum level. In all these cases, the width of the reflected beam was 
strictly related to the signal frequency. 


In the experiments of Ye.V. Romanenko et al. (1965), a study was made 
of the direction of emission in the common dolphin on a round diagram (dead 
animal). At a frequency of 30 khertz, the directional diagram was about 
90° wide and at a frequency of 180 khertz -- 17°. At 80 khertz or higher, 
the directionality diagram was twice as wide if soft tissues were removed 
from the head prior to the experiment. 


Of course, the obtained diagrams cannot be equated to the direction- 
ality diagrams for a live dolphin: the emitter used in the experiments 
differed substantially from the natural emitter of the animal. In addition, 
postmortem changes could affect the acoustic properties of the frontal 
prominence. 


K. Norris and W. Evans (1967) conducted tests in a round tank with 
Steno bredanensis. Using one hydrophone, the sounds emitted by the animal 
were recorded at fixed points in the sound field. The sound field was found 
to be narrow. The high-frequency components were demonstrable only in 
front of the animal, and dropped very abruptly to either side of it. The 
data do not allow us to determine whether the high-frequency components were 
directed along the midline or whether they were emitted somewhat asymmetri- 
cally; however, it is apparent that in this species, as in the common dolphin, 
and bottlenose, that this is a narrow beam directed in front of the animal 
(Figure 157). The sound pressure is much higher in the frontal sector, and 
there is asymmetry. We* conducted special experiments to study the direc- 
tionality diagrams of the primary emission of the bottlenose dolphin (ampli- 
tude peaks) by concurrently recording signals on four channels with synchro- 
nous cinematography using two cameras to identify the three Cartesian coordi- 
nates. 


*This part of the chapter was written by acoustics engineer A.Ye. Reznikov. 
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Figure 157. Diagram of directionality of amplitudes of pressure (A, C) 
and frequencies (B) of sounds emitted by Steno bredanensis 
(A, B) and T. truncatus (c)(A, B -- according to Norris, 
Evans, 1967; C -— Bel'kovich, Reznikov, 1971). 
The high-frequency components weaken sharply away from the axial line, while 
sonic pressure drops by 50% with 10-15° deviation from the axial line. 


Analysis of the data revealed that on the average the maximum acoustic 
emission is concentrated at an angle of +20° from the axis of the head (see 
Figure 157) and slightly shifted to the right, according to the 0.5 pressure 
level in the horizontal plane. In the half space below the level of the 
mouth, a direct signal was demonstrated only up to banking angles of 30-40° 
with an amplitude of 0.2-0.3 from the maximum level. At larger angles, 
there is no direct emission. 


In these experiments, the estimated power of the pulse in the primary 
acoustic emission was found to be on the order of 0.1 watt in both the 
bottlenose and common dolphin (converted to an equivalent nondirectional 
emitter), and the resulting pressure amplitude on the axis of emission (con- 
verted to a distance of 1 meter from the source) was found to be on the 
order of 10° bar. Analysis revealed that in the presence of certain echo- 
location in the bottlenose dolphin, the amplitude of the sounding signal 
remains at approximately the same level and is unrelated to the distance 
from the object of echolocation. 


To summarize this brief survey, we can derive the following conclusion. 
There is a sharp difference between toothed and baleen whales with regard to 
systems of organs implementing signal generation as to complexity of structure, 
and this is reflected in the relatively few and simple signal sounds emitted 
by baleen whales and the complex and diverse saunds of toothed whales that 
serve for echolocation and communication purposes. 
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Figure 158. Structure of the auditory system of Odontoceti (according 
to Reysenbach de Haan, 1957, with alterations) 


Legend: 

1) periotic bone 10) labyrinth 

2) os tympanicum 11) cochlea 

3) cranial bones 12) lateral semicircular canal 
4) cavity of tympanum 13) fenestra rotunda 

5) tympanum 14) ligamentous suspension 

6) malleus 15) connective tissue 

6a) pro. gracilis 16) site of closure of external auditory meatus 
7) m. tensor tympani 17) fatty layer 

8) incus VII) n. facialis 

9) stapes VIII) n. acusticus 


The system of signal generation in toothed whales includes not only 
several sources of sound emission in the range of 150 hertz to 256 khertz, 
the function of which is regulated by the animal finely and voluntarily, 
but also an osseous reflector and acoustic lens to create a directionality 
diagram of echolocation signals and a cartilaginous conductor between the 
upper jaws for communication signals. All this provides for the function 
of the transmitting part of the acoustic system of toothed whales as a 
highly differentiated element of a telereceptor for communication, navi- 
gation, and fine location differentiation. The transmitting system of the 
hydrolocation apparatus of these animals creates all the prerequisites for 
converting acoustic reception into the principal sense organ. 


IV. The Organ of Hearing 


After describing the sounds of cetaceans, the mechanism of generation 
thereof, and distinctions of the sound field, it becomes necessary to describe 
in detail the structure of different parts of the cetacean ear as a receiver 
of sound waves. We shall base ourselves on analysis of exact morphological 
data that have not yet, unfortunately, been backed up experimentally. 
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The structure of the organ of hearing of cetaceans has long since 
attracted the attention of investigators, who have described in detail the 
structure of the ear of some baleen and toothed whale species (see reports 
of Yamada, 1953; Fraser, Purves, 1960; Yamada, Yoshizaki, 1959; Reysenbach 
de Haan, 1957). These works, along with some additional material (Solntseva, 
1969; Bel'kovich, Solntseva, 1970, and others), served as the basis of this 
section. 


A. External Auditory Meatus 


Cetaceans do not have an external ear. Only occasionally is it encoun- 
tered in rudimentary form in Delphinapterus, Phocoena, and Ziphius (Howes, 
1879; Yamada, 1953). The external auditory meatus begins at the orifice 
behind the eye, which consists of a very small slit (less than 1 mm) in toothed 
whales and a more visible lenticular indentation in baleen whales, about 10 m 
in diameter. 


In toothed whales, the external auditory meatus is at an angle (90- 
120°) in relation to the skin surface proceeding toward the bulla tympani 
at the base of the skull (Figure 158). After passing through the epidermis 
and fatty layer, it usually demonstrates a loop-like curvature forward, 
then turns again toward the auditory ossicle. The meatus of toothed whales 
is lined with squamous and columnar epithelium, with many melanin granules 
and a well-developed malpighian layer. Beyond is a dermal layer of thick 
collagen fibers, then a third layer of more friable connective tissue fibers 
with fat cells. Upon exiting from the tela subcutanea, the external meatus, 
which consists of a tapered mass of fibrous tissue and muscles in its central 
portion (Purves, van Utrecht, 1964), is surrounded by numerous fine albumi- 
nous glands. The lumen of the meatus narrows from the periphery toward the 
interior to virtually total closure at the exit from the fatty layer, then 
widens again toward the bulla. Such closure has been noted in the sperm 
whale (Clarke, 1948; Yamada, 1953), bottlenose and common dolphins (Bel'ko- 
vich, Solntseva, 1970). At the same time, there are data that it is open 
throughout its length (Fraser, Purves, 1960; Reysenbach de Haan, 1957). 


In the bottlenose and common dolphins, as in other species, there is 
an adherent cartilage from the looped curvature to the auditory meatus. At 
first, it appears with two little horns, narrow and broad, on the sides of 
the meatus, then the horns merge into a groove, then assume a U-shape 
surrounding the meatus and adhere to the ear bone. Between the cartilage 
and the wall of the meatus there is friable fibrous connective tissue, and 
at the site of separation of the cartilage there is firm connective tissue 
with large blood vessels and lacunae (so-called fibroelastic lobe). This 
cartilage can be homologized to the cartilaginous helix of the pinna of 
other mammals, while the fibroelastic lobe can be homologized with the anti- 
helix (Purves, van Utrecht, 1964). Let us note that several rather well- 
developed muscles are attached to this cartilaginous helix in toothed whales, 
in the porpoise in particular: m. auricularis externus, which goes from the 
superficial part of m. masseter toward the anterior antihelix, m. zygomatico- 
auricularis and m. occipito-auricularis, which are located along the auditory 


- 260 - 


unt 


LDP arm 
inl 





7 7 8 


Figure 159. Structure of auditory system of Mysticeti (according to 
Purves, 1955) 
Legend 
1-5) same as on Figure 158 12) connective tissue 

6) tympanum 13) orifice of external meatus 
7) wax plug i) incus 

8,10) tubercular layer of epithelium m) malleus 
9) fatty layer s) stapes 


11) closed part of external meatus 


meatus in dense connective tissue (Boenninghaus, 1903; Beauregard, 1894; 
Hanke, 1914). 


The structure of the external auditory meatus of baleen whales resem- 
bled a gradually narrowing tube (Figure 159), which, in the rorqual, after 
the fatty layer, closes ["proliferates"] over a distance of a few centi- 
meters, then the lumen reappears and persists to the tympanum (Carte, 
Macalister, 1868). In right whales the meatus narrows down but does not 
close (Buchanan, 1828). Rorquals and humpbacks are characterized by the 
presence of a wax ear plug, which consists of an elongated tapered structure 
(corresponding to the shape of the lumen of the meatus), which is brown and 
presents numerous longitudinal ridges and dorsoventral flattening (see 
Figure 206). The base of this cone is rounded and corresponds to the "glove 
finger" of the tympanic membrane. The wax ear plug is formed due to the 
activity of modified ducts of the "glove finger" glands and scaling epi- 
thelium (Purves, 1955), rather than the glands of the meatus itself, as it 
had been previously believed (Carte, Macalister, 1868). In the Greenland 
whale, the waxy secretion of the meatus is grayish-blue and not extensive, 
no typical ear plug is formed. 


B. The Middle Ear 


For the sake of convenience and clarity, let us discuss first the 
structure of the tympanic membrane, then the distinctions of the auditory 
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Figure 160. 
Left tympanic bone of Globicephala melaena, 
horizontal section, ventral aspect (Reysen- 
bach de Haan, 1957) 
fen.r.) fenestra rotunda 
g) processus gracilis 


m) malleus pam) squamous bone 

i) incus pap) petrous bone 

st) stapes pep) posterior 
mst) stapes muscles conical proc. 
mtt) tympanic muscles psig sigmoid proc. 
tre) tympanum tym) tympanic bone 


prom) promontorium 


Figure 161. 
Malleus (Reysenbach de Haan, 1957) 
a) felis catus (8) 
b) Mus musculus (40x) 
c) Globicephala melanea (5x) 
d) Chiroptera (50x) 
art) articular facet 
cap) head 
m) manubrium 
mtrc) site of attachment of tympanic ligament 
pg) processus gracilis 
pm) processus musculus 





ossicles; after this we shall discuss the overall construction of the tympanic 
region. 


1. The Tympanic Membrane 


In toothed whales, the meatus is near the tympanic sulcus of the ear 
bone [temporal bone?], opposite the round, barely curved tympanum. The 
latter has a triangular ligament, which is tapered and ends at the markedly 
reduced manubrium of the malleus (Figure 160). This point of attachment is 
not centrally located in relation to the eardrum, rather it is shifted 
caudally; thus, the ventral border of the ligament is somewhat anterior to 
the dorsal one. The collagen fibers going from the anulus tympanicus along 
the eardrum to the site of separation of the tympanic ligament and on to the 
site of attachment to the malleus are arranged irregularly, so that a 
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Figure 162. Auditory ossicles (Yamada, Yoshizaki, 1959) 
Left to right: Globicephala, Berardius, Physeter, Kogia, Balaenoptera physalus 
A) malleus B) incus C) Stapes (2x) 


fiberless area is formed. This warrants the belief that it is analogous to 
the tympanic pars flaccida in man (Fraser, Purves, 1960). This area is 
important in maintaining tympanic tonus due to air pressure in the middle 
ear. In addition to radial fibers, there are also concentric ones in the 
tympanum, which converge in the dense, firm, and protruding center of the 
eardrum (Boenninghaus, 1903). 


In baleen whales, the tympanum consists of two parts: a fiberless 
“glove prominence" that protrudes into the external auditory meatus, and a 
fibrous ligament going from it, gradually narrowing, and attaching to the 
reduced but distinct cylindrical manubrium of the malleum. Thus, in baleen 
whales, the fibrous ligament is very similar to the tympanic ligament of 
toothed whales. The glove finger resembles the pars flaccida, with regard 
to absence of fibers, and demonstrates a very advanced process of further 
separation of the tympanum from the anulus tympanicus. In right whales 
(Home, 1812; Buchanan, 1828), the tympanum consists of a "semispherical 
prominence" into the auditory meatus and a "valvular process," which is 
similar to what was described above for other toothed whales. On the com- 
parative plane, there is every reason to consider the tympanum of right 
whales to occupy an intermediate position between the one of Balaenopteridae 
and Odontoceti (Fraser, Purves, 1960). 
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2. Auditory Ossicles 


As in all mammals, in cetaceans this part of the organ of hearing 
consists of a chain of three interrelated ossicles. There are a number of 
descriptions of their structure in different species (Camper, 1777; Hyrtl, 
1845; Beauregard, 1894; Carte, Macalister, 1868; Boenninghaus, 1903, and 
others). The malleus consists of a massive head with separating processes 
(Figure 161): processus gracilis, manubrium, and processus brevis. The 
long process is attached to the wall of the bulla near the petrotympanic 
fissure at the site that is typical for all mammals. Here too there is a 
very thin tympanic chord, which passes through the head of the malleus and 
processus gracilis, through the tympanic cavity, forming a crest (which is 
known for sirenians, bats, foxes, and mice). In rorquals, the structure of 
this process is more complex: it is attached to the sigmoid process of the 
bulla only at one of its borders over four-fifths of its length, the center 
is thin, and the other border thickens again. This structure is indicative 
of increased stability of the process, which is the only rigid point of 
attachment of the malleus. In the opposite wall of the cavity there is a 
recess that allows free movement of the head of the malleus. 


The manubrium is shortened (Figure 162) down to a small tapered proc- 
ess in baleen whales and to a spheroid prominence in toothed whales. The 
processus brevis branches from its inferior surface, and the tympanic liga- 
ment is attached to the manubrium proper. This attachment is present in 
baleen whales throughout the length of the posterior surface of the manu- 
brium, and in toothed whales at virtually a single point (Fraser, Purves, 
1960). In toothed whales, the manubrium is best developed in dolphins that 
are comparable to baleen whales with regard to development of the manubrium. 
However, the enlargement of the manubrium occurs in dolphins differently 
than in baleen whales, due to the processus muscularis (Yamada, 1953). 


In toothed whales the massive head of the malleus demonstrates forma- 
tion on its posterior surface of two irregular facets that are almost at a 
right angle to one another, for articulation with the incus. Their convex 
surfaces are covered with thin articular cartilage, and they form a synovial 
articulation with the incus whose purpose is to provide a rigid connection 
during rotating movements and to slide with any other oscillations of the 
components. 


The incus presents a broad base and two crura (Reysenbach de Haan, 
1957). 


The incus of baleen whales is markedly larger in size. Furthermore, 
the crus breve is almost reduced, which actually deprives the incus of a 
support by the wall of the periotic bone; consequently, this gives us reason 
to assume that it would function differently in the baleen whale (Yamada, 
1953) than in toothed whales. 


In toothed whales, the stapes is short and massive and bears little 
resemblance to that of other mammals. At the same time, the rorquals show 
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Figure 163. 
Left tympanic bone of Delphinus delphis 
(Reysenbach de Haan, 1957) 
A) superolateral view 
appet) petrotympanic aperture 
fge) Glaserian fissure 
mae) external meatus 
ott) osseous tympanic tube 
pam) mastoid process 
pep) posterior conical process 
ppet) petrous process 
psig) sigmoid process 
ptub) tubular process 
pty) tympanic process 
tt) lateral margin of tympanic 
cavity 
B) inferoventral view 
ape) external vestibular orifice 
frot) cochlear fenestra 
fge) Glaserian fissure 
fmi) muscular fossa 
fst) stylomastoid foramen 
mai) internal auditory meatus 
prom) promontorium 





an interstapedial orifice that is lacking in all the toothed whales studied. 
The head joins with the oval crus, without a noticeable neck; at the base 
the crus is widened and matches the vestibular fenestra exactly (Yamada, 
1952, and others), which was the reason for the erroneous statement that 

the stapes was attached at this site (Hyrtl, 1845; Boenninghaus, 1904, and 
others). On the head of the stapes there is a recess for the m. stapedius, 
which is exceptionally well developed, and this is indicative of the fact 
that the stapes can move. With regard to absolute size, the stapes, as well 
as other middle-ear ossicles, are largest in rorquals, as compared to all 
mammals in general. 


In other animals, the link between the processus gracilis and tympanic 
anulus is more elastic and provides for considerable mobility of the malleus. 
In cetaceans, this connection is extremely rigid, and upon depression the 
malleus hardly moves. Therefore, the only possible displacement of the 
malleus consists of rotating movements around the axis of the processus 
gracilis. Through a stationary articulation with the incus, such rotating 
movement through the axis of the crus breve ~- processus gracilis is trans- 
mitted to it, transformed into a successive movement and transmitted through 
the crus longum of the stapes, and reaches the vestibular fenestra. 


Since the area of the base of the tympanum is eight times larger than 
the area of the base of the stapes, while the ossicles of the middle ear 
produce double amplification of signal amplitude due to changes in correla- 
tion between crural elements, the middle ear of cetaceans as a whole can 
amplify by 16 times the amplitude of sound waves (Reysenbach de Haan, 1957). 
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Figure 164. Diagram of connections between auditory bone and skull 
(Fraser, Purves, 1960) 


Legend: 
a) terrestrial mammals Air spaces shown in black. 
b) Caperea 
c) Balaena BOC) basioccpitale 
d) Balaenoptera PE) perioticum 
e) Kogia B) bulla tympani 
f) Physeter MAS) proc. mastoideum 
g) Ziphius SQ) squamosum 
h) Platanista PAR) parietale 
i) Delphinus NA) acoustic nerve 


On the whole, the system of ossicles implements transmission of oscil- 
latory movements of the tympanic ligament to the vestibular fenestra, and a 
certain adjustment to intensity of signals to the extent of turning them off. 


3. Tympanic Cavity 


The tympanic cavity is formed through partial adherence of the anulus 
tympanicus to the periotic bone (all together, this could be called the os 
tympanopetromastoideum or, the more frequently used term, bulla tympani) 
(Figure 163). 
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In toothed cetaceans, the bulla does not usually have a direct osseous 
connection to the cranial bones, rather it is suspended on a ligament (Figure 
164). In baleen whales, the bulla presents varying degrees of direct bony 
union with the skull. It is formed by the mastoid process, which joins with 
the squamous and occipital bones. This connection is the least marked in 
Caparea (where the perioticum is connected to the squamosum and parietale) 
and the most developed in rorquals (see Figure 164). True, unlike the ear 
bone of terrestrial mammals, that of baleen whales is not involved in forma- 
tion of the cranial wall, from which it is separated by a system of well- 
developed sinuses. In addition, in large baleen and toothed whales, in the 
elements that link the perioticum to the skull there are numerous sesamoid 
bones that provide for some mobility of the auditory bone in relation to 
the skull (Yamada, 1953). All this warrants the belief that the right and 
left organs or hearing of cetaceans are separated to some extent or other 
and they are mobile in relation to the skull bones. They change into inde- 
pendent, autonomous receivers of acoustic signals, which is important for 
the function of this organ under water. 


Another interesting adaptation of the cetacean ear is a specific sys- 
tem of sinuses surrounding the bulla tympani (Figure 165). The auditory 
ossicles are surrounded by a layer of very dense connective tissue, which 
comes close to the skull and involves the external meatus. In the layer of 
well-developed connective tissue surrounding the sinuses, one can clearly 
distinguish the external elastic and internal spongy, cavernous layers (Lilly, 
1915). The sinuses are usually considered as a proliferation of the tympanum 
(Boenninghaus, 1904) due to portions of the pterygoid region of the skull. 
The sinuses consist of an osseous base and tissues with cavernous plexi of 
vessels, a mucous membrane, and numerous albuminous glands; their internal 
aspect presents a trabecular structure. Probably such a sinus structure 
allows for change in size of the tympanic cavity through filling of the 
cavernous plexi. 


Since the tympanic cavity is filled with air and specific albuminous 
and air emulsion (foam), pressure in it will change when its volume changes. 
From the point of view of acoustics, such a construction provides, first, 
for functioning of the middle ear mechanism at any depth, by equalizing 
pressure, and secondly, acoustic isolation of the organ of hearing from 
vibration referable to the skull, pharynx, and integument (Fraser, Purves, 
1960; Reysenbach de Haan, 1957; Yamada, 1953). 


The sinus system is simplest in baleen whales. One distinguishes in 
it only the pterygoid and peribullar sinuses. Only the walls of the tympanic 
cavity proper are lined with a plicate mucous membrane with a cavernous plexus. 
In toothed whales, the system of sinuses is complex in structure (Figure 166). 
In toothed whales, there is a fatty bond that penetrates through the system 
of sinuses, and it proceeds from the mandible and through the pterygoid sinus 
to reach the thin lateral wall of the bulla. This link between the bulla and 
the lower jaw is demonstrable to varying extents in different whales and was 
named long ago a “sound funnel" or "canal" (Boenninghaus, 1904). In toothed 
whales there are usually four developed sinuses. In addition to the above 
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Figure 165. Correlation between elements of the cranial skeleton in 
cetaceans as related to adaptive changes in the organ 
of hearing; longitudinal (a) and transverse (a') planes 
(Fraser, Purves, 1960) 


Legend: 

aa') terrestrial mammals SQ-08) squamous bone 

bb') Caperea PT) pterygoid bone 

cc') Balaenoptera MMP) glossopharyngeal muscles 
dd') Ziphiidae PTH) pterygoid hamulus 

ee') Monodontidae PTS) pterygoid sinus 

ff') Physeteridae TB) tympanic [ear] bone 
gg') Cephalorhynchus NM) maxillary branch of trigeminal nerve 
hh’) Grampus PBS) peribullar sinus 

ii') Tursiops FP) falciform process 

jj') Stenelila MAX) maxilla 

kk') Delphinus PAZ) palatine bone 

ALS) alisphenoid BO) occipital bone 


PE) perioticum 


wS 


Figure 166. Development of sinus system in cetaceans (Fraser, Purves, 


1960) 


a) right whales 
b) rorquals 

c) beaked whales 
d) narwhals 

e) sperm whales 
f) river dolphins 
g) Steno 

h) Phocoena 


Orcinus 
Globicephala 
Cephalorhynchus 
Lagenorhynchus 
Grampus 
Tursiops 
Stenella 
Delphinus 


functions, others such as regulation of specific gravity of the head (Denker, 
1902, and others), enlargement of surface to enrich the blood with oxygen 
(Kernan, 1913), and regulation of pressure in the middle ear (Kellogg, 1928) 


were attributed to them. 


The above sinuses are also interpreted as a proliferation of the 


Eustachian tube (Hunter, 1787). 


In baleen whales, it begins at the pterygoid 


sinus and in toothed whales, directly at the anterior end of the bulla 
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Figure 167. 
Section of toothed whale head at the 
level of the organ of hearing (accord- 
ing to Purves, van Utrecht, 1964, with 
some changes) 
See legend for Figure 165 





Figure 168. 
Diagram of cetacean labyrinth (Yamada, 


D 
WS 
OD Yoshizaki, 1959) 
1) Balaenoptera 
; 2) Megaptera 
3) Balaenae 
7 4) Physeter 
5) Ziphius 
6) Globicephala 
4 7) Grampus 
8) Feresa 
9) Delphinus 
10) Phocoenoides 
g 


(processus tubaris bullae). Thereafter, it travels along the middle wall 

and opens into the pterygoid sinus, then continues in the form of the ostium 
pharyngeum tubae and opens in the superior part of the nasopharyngeal cavity. 
Thus, in toothed whales, the Eustachian tube (Figure 167) is not consistently 
linked to the respiratory tract (it only opens when the glossopalatine sphincter 
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is relaxed). In terrestrial mammals and baleen whales, there is a consis- 
tent link between the tympanic cavity and the nasal passage. 


The function of the auditory tube of cetaceans has not been studied 
enough. It is assumed that water can penetrate through it into the sinuses. 
The presence of foam in the sinuses, as well as indications that small fish 
and crustacean plankton have been encountered in the sperm whale and right 
whale sinuses, serves as the basis for this assumption. Such findings were 
made in the porpoise and pilot whale; we have demonstrated parasites in the 
sinuses of beluga, sperm whale, and Berardius. 


4. The Internal Ear 





The labyrinth of cetaceans is represented by typical mammalian struc- 
tures: vestibule, semicircular canals, and cochlea, located in the bulla and 
connected to the middle ear through the vestibular and cochlear fenestrae 
(fenestrae rotundis and ovalis, see Figure 162). A flattened cochlea is 
typical for the internal ear of cetaceans; it presents few spirals and 
disproportionately small semicircular canals. The cetacean cochlea can be 
distinctly divided into four types, according to appearance (Yamada, Yoshi- 
zaki, 1959). The first is typical for right whales (with the exception of 
the Atlantic right whale, whose cochlea differs, in some respects, from 
all other cetaceans' and resembles that of terrestrial mammals with respect 
to some features). The second type is referable to all rorquals; the third 
is typical for the sperm whale and beaked whales; and the fourth is typical 
for all dolphins (Figure 168). The baleen and toothed whales also differ 
with respect to number of cochlear turns; 2 or 2.5 turns are encountered in 
baleen whales, and there are always less than 2 turns in the cochlea of 
toothed whales. Usually, the toothed whale cochlea demonstrates 1.5 turns. 


The external radius of the cochlear canal diminishes in size from 
the beginning to the apex, as in all mammals; this reduction is more marked 
in all toothed whales and less so in baleen whales. Because of this, the 
apical turn of the cochlea of baleen whales superimposes, to some extent or 
other, the basal turns, whereas in toothed whales this is never observed 
(see Figure 168). The size of the first, straight quarter of the cochlear 
canal is also typical in baleen and toothed whales: in rorquals, as in other 
mammals, it constitutes about 20% of the length of the canal; in toothed 
whales (sperm whale, beaked whale, pygmy sperm whale, all dolphins examined) 
it constitutes about 30%. The basilar membrane with the organ of Corti is 
located in the interval between the primary and secondary osseous lamina 
(the second one is inherent only to Odontoceti) and occupies about 100-200 
microns in width, whereas in length it constitutes 68% of the canal length 
in the sperm whale, 79-82% in Berardius, 81% in the pilot whale, and only 
40% in rorquals, as in man (Yamada, 1953). 


The basilar membrane on which the elements of the organ of Corti are 
located broadens toward the apex due to reduction of the secondary osseous 
lamina. The basilar membrane, which is narrow and hard at the base, is 
rigidly attached to the spiral ligament. Thus, in Odontoceti, there is an 
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Figure 169. Cross section of base of mammalian cochlea with ultra- 
sonic range of perception (A), and apical part of 
mammalian cochlea with low-frequency hearing (B) (Reysen- 
bach de Haan, 1957) 

5p) primary osseous lamina mb) basilar membrane 
lgg) secondary osseous lamina mt) tectorial membrane 


optimum correlation hetween the rigid suspension and mass of the organ. A 
comparison to other mammals indicates that the rigid suspension is smallest 
in toothed whales (Figure 169). 


It has been noted (Kolmer, 1908) that, in the porpoise, there is a 
5.4=fold change in diameter of the basilar membrane from its base to the 
apex, and a 10-fold difference in the Berardius (Yamada, 1953), whereas in 
terrestrial mammals (guinea pigs) it is wide at the base, narrow in the 
middie, and widens again toward the apex, which is related to the range of 
perceived frequencies. 


The cetacean semicircular canals (Figure 170) are extremely small for 
mammals, though the size is correlated to the animal's body length. In toothed 
whales, the lateral is the largest canal (it is smallest in terrestrial 
mammals), and this indicates the importance of assessing movement in the 
horizontal plane. The structure of the labyrinth of the Atlantic right 
whale is remarkable in that there is a developed posterior canal, and on the 
whole their labyrinth is not of the "whale" type (Yamada, 1953). In this 
regard, it is significant that in the ancestors of whales, the vestibular 
nerve was larger than the auditory nerve, and the cerebellum was larger than 
the brain (Edinger, 1955; see Chapter 9). To some extent, this can be 
traced in the contemporary right whales as well, so that the latter could 
be referred to as relicts. 
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Figure 170. 
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We know from paleontology that there was a well-developed bulla tym- 
pani in zeuglodons, anditwas fused with the cranial wall (Pompecky, 1922). 
In Protocetus the bulla is also fused with the base of the brain (Frass, 
1904); probably there are no sinuses. In this respect, their organ of 
hearing differs little from that of terrestrial mammals, but, on the other 
hand, perhaps it shows the start of evolution of the baleen whale ear. 


V. Distinctions of Auditory Perception 


By virtue of intensive studies of the cetacean organ of hearing in 
the last few decades, one would think in the general and basic features we 
have a distinct enough idea about the distinctions in function of this system 
of organs in cetaceans, and first of all in toothed whales. 


However, it is certain that our data in this area are still very 
limited; they are based on the study of a few species and a small number of 
specimens; they are not always comparable; and the results of different 
studies do not necessarily agree with one another. All this indicates that 
it would be desirable to continue both precise experimental and broad compara- 
tive anatomic studies dealing with the organ of hearing. 


In this part of the chapter, we shall discuss data pertaining to thresh- 
olds of auditory perception, and then we shall try to give a general descrip- 


tion of the function of the ear. 
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Figure 171. 
Frequency and intensity per- 
ception thresholds in Tursiops 
(dotted line) and man (Johnson, 
1966) 





khertz 


A. Thresholds of Auditory Perception 


So long as our knowledge with regard to exact comprehension of the 
distinctions in function of the entire system of the auditory analyzer is 
inadequate, it is of special interest to consider data pertaining to the 
functional capabilities of the organ of hearing, and especially concerning 
sound reception thresholds according to frequency and intensity, and angle 
discrimination. We still have very few such data, and they refer to a very 
few dolphin species. 


1. Frequency and Intensity Thresholds of Reception 


In order to make a functional evaluation of the capabilities of the 
auditory analyzer, it is important to determine the auditory frequency 
thresholds as related to intensity. This problem can be solved using behav- 
joral techniques and electrophysiology. 


The first attempts of this nature were made by W. Kellogg and R. Kohler 
(1952) and W. Kellogg (1953) on a group of bottlenose dolphins and Steno. 


A sharp change in the way the dolphins would swim served as a positive 
reaction to a sound at a given frequency. At first, the range of reception 
was determined up to 50 khertz (Kellogg, 1953), then the upper limit was 
raised to 80 khertz. 


At the same time, the conditioned reflex method was used in experi- 
ments on the bottlenose dolphin (Schevill, Lawrence, 1953). The percentage 
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of positive responses was high up to a frequency of 120 khertz; this applied 
to 50% of the responses at 126 khertz and 13% at 151-153 khertz, which gave 
reason for the investigators to believe that if one considers hearing sensi- 
tivity of dolphins at 120 khertz as 1, then the sensitivity at 153 khertz 
would constitute only 0.13. Thus, the upper range of auditory reception was 
raised for the dolphin to 153 khertz. 


Recently S. Johnson (1967a) recorded an audiogram in the frequency 
range of 0.04-200 khertz for the bottlenose dolphin, using the behavioral 
method. This method yields considerable stability of signal intensity (+5 db); 
since the signal was delivered for 3 seconds, the animal could move its 
head to the point of highest intensity. 


Experiments revealed that in this bottlenose the range of auditory 
reception extends from 75 hertz to 150 khertz (Figure 171). The intensity 
threshold is similar to that of man (-55 db), but shifted to the range of 
40-50 khertz. At the extreme points on the audiogram, the thresholds are 

very high (40 db), as compared to man (5 db and -15 db). 


In 1967-1968, we conducted experiments with the common dolphin to 
determine the range of its auditory perception (frequency thresholds). First 
a conditioned motor reaction to a sonic stimulus was developed in the dolphin. 
There was a food platform (1x2 meters in size) 0.3-0.4 meter above water in 
a tank (5x10 meters). There was a lever on this platform, and between it 
and the wall of the tank there was an emitting hydrophone. The receiver 
hydrophone was in the middle of the tank. In response to a hydrophone 
signal, the animal, which had been at the opposite side of the tank, swam 
toward the lever and "quacked" [grunted], and for this it was given alimen- 
tary reinforcement. Thus, the animal showed that it heard the signal by 
means of a motor and sonic reaction. At first, for 2 days, the animal was 
not involved in the experiments, then signals of different frequencies were 
extrapolated on it with food reinforcement. Several series of experiments 
were conducted. In the first series, 39 signals were delivered in the 
frequency range of 660-206,600 hertz, and 32 positive reactions were obtained; 
this gives us reason to believe with certainty that the common dolphin per- 
ceives frequencies in the range of 600 to 119,200 hertz. In this series of 
experiments, with delivery of signals at higher frequencies than 120 khertz, 
the dolphin developed an active negative reaction: it did not like these 
signals; it beat the water with its tail and began to swim rapidly in the 
tank without coming close to the lever or hydrophone. This warrants the 
belief that it heard signals in the range of 120-206 khertz (the maximum 
that we were able to obtain on the installed equipment). 


In another series of experiments, 19 signals were delivered in the 
frequency range of 16-3,730 hertz, and a positive reaction was obtained in 


all cases without exception. 
In the next series of experiments, an effort was made to reach the 


true top range of perception using a high-frequency generator. These experi- 
ments enable us to report merely a qualitative evaluation without any 
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quantitative data. In this study, 14 experiments were conducted in the fre- 
quency range of 200-400 khertz; according to the animal's reactions, it may 
be considered that it perceives frequencies of 200-280 khertz. Frequencies 
of 290-400 khertz did not always elicit a distinct response in the dolphin. 
Thus, a frequency of 320 khertz originally elicited a strong positive reac~ 
tion: jumping out of the water, the dolphin proceeded toward the lever, but 
in other cases it only "twitched" and remained "on its mark." These experi- 
ments indicated that the range of perception in this particular common 
dolphin (adult male named Slavka) could be defined as 16 hertz to 280 khertz. 


Recently, neurophysiological studies (Bullock et al., 1968) of evoked 
potentials of the auditory regions of the brain (posterior bigeminal body, 


auditory nuclei of the medulla, medial geniculate body) were conducted on a 
large number of dolphins. 


These studies demonstrated. maximum sensitivity to a 60-khertz signal, 
and high sensitivity in the range from 20 to 70 khertz. There was a 25 db 
decrease in sensitivity in the range from 20 to 10 khertz and from 60 to 
100 khertz. 


The highest frequency of responses was obtained in the range of 120- 
140 khertz. 


Morphological studies of cytoarchitectonics of hearing-related ele- 
ments in the cortex and subcortical region of the common dolphin revealed 
(Zvorykin, 1963) that various elements of the subcortical auditory region 
in the dolphin are 6-640 times larger in absolute indices than those found 
in man, and this is combined with a large quantity of cellular elements in 
them (see Chapter 9). 


2. Angular Discrimination Thresholds 


There are still very few data concerning the possibility of angular 
resolution [discrimination] of the cetacean auditory analyzer. Dudok van 
Heel (1962) studied the porpoise. At a distance of 18 meters, the dolphin 
was trained to choose one of two sources of sound that could be gradually 
brought close to one another. It was found that the angular threshold at a 
frequency of 6 khertz is close to 7.9°+0.7, and at 3.5 khertz the angle 
constituted 11°+0.8. 


B. Mechanism of Auditory Function 


It was originally believed that cetaceanscan hear only when their head 
is out of water (Camper, 1765). Buchanan (1828) and Hyrtl (1845) introduced 
the concept of a possibility that whales hear under water through the audi- 
tory meatus or tube. Then Lillie (1910) suggested that sounds are conducted 
due to vibration of the skull bones. M. Claudius (1858), A. Denker (1902), 

W. Turner (1914), and R. Kellogg (1928, 1938) proved that cetaceans can hear 
only under water due to excitation of resonance in the sinuses surrounding 
the organ of hearing. Boenninghaus (1903) expounded the "loudspeaker theory," 
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on the basis of his extensive anatomic studies; according to this theory, 
sounds are picked up by the speaker-like pterygoid bones and are directed 

to the bulla, where, through the long process of the malleus, they are trans- 
mitted in the form of "molecular vibrations" to the internal ear. The 
interesting remark made by Boenninghaus about a "sound funnel" -- a fatty 
band from the lower jaw to the bulla -- was not developed by him, and it was 
forgotten by other investigators. Yamada (1953) believed that the external 
auditory meatus serves the part of a "pressure gauge'’ to determine depth 

of immersion while the internal ear functions by the principle of a 
"seismograph." 


More recently, there has been revived interest in the mechanisms of 
auditory reception and, in spite of some problems, investigators have come 
up with some rather convincing data (Reysenbach de Haan, 1957; Fraser and 
Purves, 1960; Purves, 1966). 


The specifics of the marine environment accelerate the velocity of 
sound by four times, as compared to air, the waves are also four times 
longer at the same frequency, sonic pressure is 60 times higher, and ampli- 
tude is 60 times lower. In the air, the mammalian ear picks up sonic 
oscillations separately in relation to the skull and external ear because 
of the external auditory meatus, system of the middle ear, and the screen- 
ing effect of the head. If a terrestrial mammal immerses in water all the 
acoustic oscillations will be received only through vibration of the skull 
bones, including both internal ears. The distinctions of audibility in 
water are determined by the following factors: 60-fold increase in sonic 
pressure, 60-fold decrease in amplitude, and loss of 99.9% of the sonic 
energy when moving from water to air in the middle ear. For this reason, 
any mammal that is under water cannot determine the direction of sound, 
and hearing thresholds are higher. 


The cetacean organ of hearing is adapted to function under water. 
First of all, it is separated from the skull to some extent or other. It 
was shown (Reysenbach de Haan, 1957) that transmission of oscillations from 
the skull to the bulla due to appearance of resonance frequencies is 
possible in small toothed whales only at frequencies of less than 50 khertz 
[or hertz?] and less than 150 hertz for baleen whales. As we have already 
noted, cetaceans generally use higher frequencies so that their organ of 
hearing can be viewed as consisting of two more or less insulated acoustic 
receivers. 


The "sound transparency" of the integument permits passage of acoustic 
signals through it with the least loss (Reysenbach de Haan, 1957). The 
change in correlation between middle ear elements makes it possible to rectify 
and transmit to the internal ear oscillations of the same intensity and ampli- 
tude as in terrestrial mammals. Finally, the larger mass of the auditory 
ossicles, their rigid union with the periotic bone and with one another 
provide for exact transmission of high-frequency oscillations. To all 
these transformations is added an organ of Corti that is modified to receive 
high-frequency oscillations (Reysenbach de Haan, 1957). 
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Insulation of the receivers is provided by the system of sinuses, 
which isolate each ear through the cavernous plexi and albuminous emulsion 
(99.9% absorption of sonic energy) on all sides from incoming sounds and 
their own, with the exception of those that travel from the external audi- 
tory meatus and over the fatty band of the lower jaw. The cavernous plexus 
of the tympanic region provides for concordance between the pressure in it 
and hydrostatic pressure, as well as normal function of the middle ear 
system at any depth. In spite of the fact that total closure of the auditory 
meatus has not yet been demonstrated in all cetaceans, probably future studies 
will show this to be a common finding: it preventswater from entering the 
meatus and prevents development of inflammatory processes, and does not 
affect in any way sound reception in water. 


On the basis of the data of Fraser and Purves (1966), one could believe 
that acoustic oscillations can be delivered to the tympanum directly through 
the wall of the auditory meatus. Because of the “acoustic transparency" of 
the fatty hypodermal layer, signals penetrate through the integument with 
minimum loss and after reaching the auditory tube proceed toward the middle 
ear. 


It has been experimentally shown (Purves, van Utrecht, 1964) that 
sound conduction in tissues surrounding the external auditory meatus is 
relatively poor. This is due to the fact that, although blubber is a good 
sound conductor, sound is transmitted very poorly from it to muscle: there 
is less weakening of sound after passing through 60 cm of blubber than after 
passing through 2 em of blubber and 1 cm of muscle. 


Since the fatty layer surrounding the external auditory meatus has 
muscles, apparently they could play the part of a distinctive filter weaken- 
ing the signals. As a result, signals with the highest intensity are picked 
up only on the peripheral part of the auditory meatus that has no muscles; 
consequently, this could provide directional signal reception through the 
meatus. It is interesting to note that there can be an approximately 15 db 
change in sound volume with change in muscle tension (Purves, van Utrecht, 
1964). It was also found that after a test signal of pure tones passes 
through the tissues of the auditory meatus, the structure of the signal 
undergoes an appreciable change due to alteration of the spectrum: some 
frequencies are retained without change, others are amplified, and others 
yet are weakened. This warrants the belief that the auditory meatus may 
be significant not only for time-related but also spectral differentiations. 


The end of the auditory meatus is to one side of the tympanic cavity, 
and the complex system of air spaces in the peribullar space that surrounds 
it. The functional purpose of the tympanic cavity is to provide air space, 
to adjust pressure with change in hydrostatic pressure, as well as to isolate 
the organ of hearing with the albumin-air emulsion, retaining its structure 
under any pressure. 


Examination of cross-sectionsof the dolphin head revealed that the 
peribullar region casts a considerable "shadow" at frequencies over 40 khertz, 
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and additional cavities screen lower frequencies (Fraser, Purves, 1960). If 
we assume that the external meatus alters its position by means of muscles 
and can arbitrarily "direct and shift" these shadows, the animal is really 
able to influence the intensity and spectrum of the signals. Thus, 57% 
contraction of the occipito-auditory muscle (from 6 to 2.6 cm in the dolphin) 
corresponds exactly to the flexure of the cartilage and external auditory 
meatus, therefore muscular contraction can straighten the latter out 
completely. Because of the segmented nature of the cartilages surrounding 
the auditory meatus, uniform contraction and transformation into a tube is 
obtained. This should influence the spectral composition of signals trans- 
mitted to the middle ear, as is the case for terrestrial mammals due to 

the external ear. In terrestrial mammals, the "shadow" is cast by the 
external pinna and head, and in cetaceans this is done by the sinuses surround- 
ing the ear. In dolphins, scanning movements of the head in the course of 
discriminating echolocation could be attributed not only to the necessity 

of equalizing the intensity of the echo signals to both ears for exact 
determination of the direction of the goal, but also, apparently, they 

are related to an effort to pursue a spectral analysis, to assess the 
spectral differences between the echo signal and the main blade of the 
diagram. 


Thus, even these sparse morphofunctional data are indicative of broad 
adaptive capabilities of the peripheral portion of the auditory analyzer of 
cetaceans, which enables them to perform under water directional and inde- 
pendent reception of signals by each ear, to close off the middle ear at the 
time of sending the signals, to make optimum adjustment to intensity, and to 
pursue primary selection according to spectral features. 


VI. Echolocation 





As it often happens in the history of scientific discoveries, several 
investigators were close to discovering the phenomenon of echolocation in 
dolphins. However, this honor is to be credited to one of the pioneers in 
the study of behavior and biology of dolphins in captivity, the curator of 
the St. Augustine oceanarium (USA), A. McBride. In his notes dated 1947, he 
observed that the dolphin, like the bat, has an echolocation system that it 
uses to avoid fine-mesh nets but "does not notice" large-mesh nets. The 
scientific world learned of this discovery of A. McBride after his death, 
thanks to W. Schevill (1956), who found his notes and prepared them for 
publication. 


Gradually experimental data began to accumulate on this subject. 

W. Kellogg et al. pursued numerous experiments in 1953-1961 to study the 
bottlenose dolphin's reaction to various (in shape, size, location) objects. 
They found that the splash caused by dropping some object or a drop of water 
immediately induced a series of pulses in the dolphin. Even in total silence, 
the animal swimming in the tank would emit several clicking sounds 15-20 
seconds later. The earliest experiments revealed that sound signals were 
actively involved in the orientation reaction of the dolphin. It was further 
learned that if the animal decided to approach the object, it emitted a series 
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of pulses and, in addition, turned its head from side to side (to about 10°). 
The sonic orientation reaction in these experiments was induced expressly by 
the sonic stimulus rather than its form (visibility in cloudy water did not 
exceed 0.5 meter, and the animal was 2.4-15 meters away from the stimulus). 
In control experiments, a fish would be put behind glass and the dolphin 
never attempted to take it and always grabbed the one that was not screened 
off without error. Experiments were also performed using various obstacles —- 
organic glass, strips of metal, nets, and in 98% of the cases, the dolphins 
avoided them. In one of the variants of these experiments, a 2.6x2.6-meter 
passage with several openings, some of which were closed with transparent 
plexigias, was made out of a net with a 12.5 cm mesh. The animal only used 
the real openings as it swam. These experiments conducted by W. Kellogg 
were the first convincing evidence of the echolocating abilities of dolphins. 


Another group of researchers who tackled this problem was headed by 
W. Schevill and B. Lawrence (1956). A dolphin had to determine on which 
side it was to swim under a net that was set perpendicularly to the shore 
at a distance of 2.4 meters, in order to noiselessly pick up a fish immersed 
by the experimenter. The dead fish, 8-23 cm in length, was immersed on one 
or the other side of the net but not in regular alternation. The correct 
choice was made in 75% of the cases. The dolphin usually discovered the 
fish at a distance of 8-15 meters. It always emitted squeaking sounds that 
were well audible through a hydrophone. When the animal swam past the fish 
without emitting sounds, it did not try to come close to the fish. In these 
experiments, involvement of sight was ruled out by the cloudy water; further- 
more, some of the experiments were conducted at night. 


It is only 8 years after the first experiments of W. Kellogg that 
K. Norris et al. (1961) conducted experiments in a small round tank with 
direct exclusion of the visual analyzer. A dolphin was trained to wear eye 
patches (Figure 172). At a signal, the blindfolded animal had to find the 
lever to turn on a bell; this lever would be dropped in the water in differ- 
ent parts of the tank; the animal had to depress the lever, then swim for 
its reward. A mackerel, 5 cm in diameter, served as reinforcement; it was 
immersed in the water in front of the hydrophone. As it began to fulfill 
its task, the bottlenose dolphin emitted some exploratory sounds at a 
repetition rate of about 16 hertz. The transparent water in the tank 
made it possible to clearly see and take motion pictures of the dolphin as 
it began to move its head from side to side close to the fish. These move- 
ments were particularly vigorous at a distance of 0.9 meter from the fish, 
which the dolphin always picked up so carefully that it never once caught 
on the hydrophone only 2.5-5 cm away. The signal repetition rate increased 
as the animal came closer to the fish and at the moment it picked up the fish 
constituted 190 hertz, then dropped to 26 and then down to 5 hertz. 


At present, it may be considered established that echolocation is 
inherent to many toothed whale species (Table 51). 


Sounds ("clicks") have been reported probably related to echolocation 
for Pseudorca crassidens, Stenella coerulecalbus, Stenella pernettyi, 
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Figure 172. Application of suction eye patches on a trained Tursiops 
truncatus before an experiment. Photographed at the 
Maryland Oceanariun. 


Table 51. Echolocating Odontoceti Species 


Species Author 
Tursiops truncatus Kellogg, Kohler, Norris, 
1953 
Tursiops gilli Evans, Dreher, 1962 
Globicephala melaena Norris, Prescott, 1961 
Inia geoffrensis Schevill, Watkins, 1962 
Delphinus delphis Layne, Caldwell, 1964; 

Vincent, 1960 
. Orcinus orca Valder, 1958; van Heel, 
1962 
Lagenorhynchus Rehman, 1961 
obliquidens 
Delphinapterus Fish, Mowbray, 1962 
leucas 
Physeter macrocephalus Worthington, Schevill, 
1957 
Phocoena phocoena van Heel, 1962 


and Lagenorhynchus acutus (Schevill, Watkins, 1962). On the basis of the 
physical properties of the marine habitat of cetaceans (low transparency, 
high velocity of acoustic signals), and the general life-style of these 
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animals, there is every reason to believe that echolocation is inherent to 
all toothed whale species. 


There are no reliable data about active echolocation with reference 
to baleen whales. Their acoustic signals are relatively uniform and would 
be hard to use for echolocating purposes. The first report of pulsed signals 
that were tentatively attributed to the finwhale was published quite recently 
(Schevill, Watkins, Backus, 1964). However, present conceptions about the 
principles of hydrolocation make it difficult to explain how a 20-hertz 
signal lasting 1 second could be used for exact location of a target (the 
distance between receivers, in this case, should be on the order of a half- 
wavelength, i.e, about 37.5 meters, while the ears of the finwhale are 20 
times closer to one another). However, it is certain that baleen whales use 
passive echolocation and that hearing is their main receptor. 


A. Discrimination Through Echolocation 


The objects that cetaceans echolocate vary in size, shape, material, 
and they are at different distances from one another. For this reason, 
investigations of discriminative echolocation inevitably break down into 
several special problems. 


1. Discrimination According to Shape, Form, and Substance of Objects 


It has been shown (Norris et al., 1961) that a blindfolded bottlenose 
distinguishes between a gelatin capsule containing water, 2 cm in diameter, 
and a fish of the same size. 


In 87.7% of the cases, a dolphin distinguishes small gobies (12-17 cm) 
from large ones (27-30 cm). After several times, a dolphin began to distinguish 
between gobies of the same size, but with a metal plate attached to the side 
of one of them, in 91.6% of the cases (Konstantinov et al., 1968). A porpoise 
is able to find its way through a labyrinth of wires (copper, iron, aluminum), 
0.2-4.0 mm in diameter, immersed 3 cm in water, and 1 meter apart. The 
blindfolded animal avoided wire 4.0-2.8 mm in diameter in 100% of the cases; 
it did so for wire up to 0.5 mm in diameter in 90%, and with wire up to 0.35 
mm in diameter in 79% of the cases. Nylon fibers, 1.5 mm in thickness, were 
evaded in 72.5% of the cases, while nylon thread, 0.9 mm in diameter, consist- 
ing of three strands, was avoided in 97% of the cases; it was avoided in 60% 
of the cases when 0.8 mm in diameter (Busnel et al., 1965). In the course 
of echolocating discrimination amidst 30 such obstacles in the tank (54 sq 
meters, 1.2 meter depth), the animal emitted signals lasting 1, 2, 3 msec 
with a maximum frequency of 2 khertz and 70 db volume (when converted per 
meter). 


K. Norris et al. (1966) showed that a blindfolded bottlenose distin- 
guishes between metallic spheres 5.4 and 6.35 cm in diameter in 100% of the 
cases; it does so for spheres 5.71~6.35 cm in diameter in 77% of the cases. 
Subsequent analysis of the results of these experiments revealed that the 
animal could use the following for discrimination: 1) the direct difference 
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between volume of the echo, which constituted 1-6 db; 2) change in frequency 
composition of the echo; 3) secondary echo from the spheres. The shape of 
reflected oscillations depends on the material (different interference, 
resonance, etc.). According to the nature of the echo, the dolphin can 
apparently judge not only the size of an object, but also the material of 
which it is made. This was corroborated by Powell and Evans (1966), who 
showed that a bottlenose dolphin named Stsilla [sic] distinguishes iden- 
tical spheres made of different metals. The dolphin did not distinguish 
between copper and brass disks and a sample (copper disk 0.23 cm in thick- 
ness) when they were of similar thickness; Scylla distinguished a ccpper 
disk 0.64 cm in thickness in 85% of the cases, and a thicker aluminum disk 
in 90% of the cases, even if the reflective property of this disk was the 
same as in the sample. It is assumed that discrimination takes place accor- 
ding to phase distinctions between the echo signal and the posterior wall of 
the target. Readings revealed that the volume of reflected signals from 
such objects differs the most in the frequency range of 10-40 khertz, and 
that the differences disappear at 150 khertz. Comparable results were 
obtained on the common dolphin (Bel'kovich, Borisov et al., 1969a); it was 
found that this species too distinguishes objects that are identical in 
shape by means of echolocation when they are made of different materials 
(styrofoam, hard rubber, and plexiglas in the form of squares, triangles, 
and pyramids made up of two or three squares of decreasing size. Visibility 
in water constitutes 0.3-0.7 meter; one-third of the experiments was con- 
ducted at night; the echolocating nature of choice was confirmed acoustically; 
furthermore, special experiments were conducted with figures behind glass, 
which revealed random choice (50%) as opposed to reliable (95.2%) discrimi- 
nation without glass. 


Because of the change in surfaces constituting the pyramid of squares, 
it was learned that the echolocating system of the dolphin can discriminate 
a change in target size to a precision on the order of 6.7%. No doubt, in 
all such discrimination, the animal analyzes the spectral characteristics 
of the targets but, at the same time, it was also learned that the volume 
[intensity] of the echolocating signal from the planes making up the pyramid 
was also important for such analysis, since, with decrease in surface of 
effective reflection, there was a decrease in accuracy of differentiation 
according to size. 


Common dolphins were found to be capable of reliably (77%) discrimi- 
nating between squares differing by only 9.754 in area by means of their 
echolocating system. Experiments of this nature were continued using two- 
step pyramids of duralumin [aluminum-base alloy]; it was found that the 
threshold of such discrimination over the distance axis constituted 2-3 mm 
at a distance of 11 meters (Bel'kovich, Borisov et al., 1969a). 


Evaluation of the animal's ability to distinguish a shift in time 
of the echo signal was made in experiments involving three-step pyramids. 
It was found that evaluation of a time lag on the order of 2.6*10°© sec 
in the echo signal was quite reliable (80%). A time lag of 1.3°107® sec 
was above the discriminating [resolution] capacity of this animal (Bel'kovich, 
Borisov, et al., 1969a). 
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2. Angular Discrimination (Echolocating Distances Between Objects) 








In order to determine the angular discrimination of the echolocation 
system of dolphins, experiments were conducted involving recognition of 
geometric figures (Bel'kovich et al., 1970). In these experiments, the 
usual alimentary, motor, conditioned reflex method was used. The choice 
of a positive target was made at a distance of 9-15 meters, in the presence 
of a net divider with adjustable length installed along the axis of the 
tank. In both instances, training was rapid, and after it was completed 
(90-100% positive responses), control experiments were conducted in which 
the negative figure cylinders were gradually moved toward one another. It 
was found that the threshold of horizontal discrimination in the common 
dolphin constitutes 2-3 mm, and the vertical threshold is in the range of 
3-5 mm. In view of the fact that the dolphin distinguished targets at a 
distance of at least 10 meters, it may be assumed that the animal's echo- 
locating system enabled it to distinguish angles on the order of 1'-4". 
This is consistent with the above data pertaining to the ability of the 
common dolphin to assess an echo signal lag of the order of 2.6*107°© sec. 


As we assess the possible means of signal processing by the dolphin 
for such angular discrimination, we should stress the possibility of complex 
use of base and frequency methods, which is confirmed in the animal's 
behavioral distinctions. Thus, in the case of vertical angular discrimina- 
tion, after choosing a target, the dolphin follows a complex arched trajec- 
tory, which could be interpreted as additional pickup of spatial and fre- 
quency characteristics of the target. 


The fact that in vertical angle discrimination (as well as after 
primary choice of target) the dolphin turned on its side and continued to 
move in this position also merits attention. In this case, it is opportune 
to assume that the diagram [?] is "attuned" and that there is an effort to 
"shift" the vertical angular differences into horizontal ones. In the 
ease of horizontal angular discrimination, the trajectory of movement was 
usually in a straight line, which suggests that in these experiments the 
dolphin did not use its echolocating system capabilities to locate the 
target elements according to range [distance]. 


3. Echolocation Range 


It is known that strong low-frequency sounds of the fin whale are 
audible in water over a distance of several kilometers (Schevill et al., 
1964), and, according to estimates, the signals (whistles) of the bottle- 
nose dolphin at frequencies of 0.4 khertz or more can extend up to 10 km 
{(Arapet'yants et al., 1969). Simultaneous emission of high-frequency 
signals for discrimination and low-frequency signals for general orientation 
are typical for the bottlenose dolphin. On the basis of general considera- 
tions and experimental data referable to the directionality diagram, these 
orientation signals are not sharply directional, so that the whale can 
obtain the echolocation situation in a large aquatorium. The high-frequency 
signal components of the killer whale are weak and they are rapidly extinguished 
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as the distance increases, while low-frequency components produce a good echo 
from submarine rocks (Norris, 1969). 


Steno signals in Hawaii were audible at a distance of 1,650 meters, 
and whistles were audible over a longer distance than clicks (Norris, Evans, 
1968). According to the observations of whalers, it is believed that 
sperm whales hear one another at distances of 8-11 km (Caldwell et al., 
1966). According to observations in their natural habitat and estimates 
(Kellogg, 1962; Shishkova, 1965a), it is known that the echolocating clicks 
of dolphins are distinctly audible at distances of up to 1.5 km. 


Schevill and Backus (1962) established, according to one of their 
recordings, that the echolocating range of the sperm whale in its natural 
habitat is 940 meters, using the true echolocating principle. 


Though these data are fragmentary, it can already be stated with 
certainty that the ranging signals of these animals (lower frequency and 
higher intensity than discrimination signals) can spread in water over 
many kilometers; and if we assume that whales use the phenomenon of "submarine 
sound channels" (on the boundary between water of different temperatures, 
sound can spread over hundreds of kilometers without great loss of volume), 
the orientation system as a whole (rather than echolocation in the narrow 
sense of the word) has a rather long range. 


In experiments with various natural objects (Konstantinov et al., 1968), 
the common dolphin turned toward a selected object at a distance of 1.5 to 
6 meters (mean of 3.2 meters). In these experiments, there was no net 
divider, so that it is difficult to estimate the distance at which the 
animal made its choice. 


In experiments with the common dolphin (Bel’kovich et al., 1969, 1970), 
discrimination was performed at distances ranging from a few to 15 meters. 


It was recently shown (Ayrapet'yants et al., 1968) that the echoloca- 
tion range of the bottlenose dolphin, for a fish 5-15 cm in length, consti- 
tutes 5-10 meters and is correlated with the duration of the signal, which 
was 0.2 and 1 msec, respectively. High-intensity and prolonged orientation 
impulses, with a frequency of up to 20 khertz, could theoretically spread 
over greater distances. 


B. Analyzer Interaction in Discrimination 


Experiments were conducted to determine the interaction between ana- 
lyzers in the common dolphin while discriminating targets (Bagdonas et al., 
1970). In the first eight experiments, there was a distinct correlation 
between accuracy of responses and illumination: the choice was made at 
random (57%) at night and in the morning it constituted a mean of 82%. This 
was also corroborated by the behavior: the dolphin altered its choice at a 
distance of 1-1.5 meters when it could definitely see the target. In view 
also of the fact that a minimum number of echolocating signals was emitted 
during discrimination, it may be considered that the dolphin performed 
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differentiation using its vision. When the cloudiness of the water was 
increased (to 0.5 meter), starting with experiment No 15, the dolphin was 
compelled to use echolocation to identify the targets and for general orien- 
tation in the tank. The accuracy of choice was no longer related to illumi- 
nation, and directional choice of a positive target was made at 8-9 meters. 
Replacement of the material of which the figures were made with optically 
and acoustically transparent plexiglas revealed that the dolphin could not 
distinguish them until they were painted. In these experiments, the visual 
analyzer moved to the fore. After the paint was washed off the plexiglas 
figures, the discrimination level remained high, but differentiation was 
performed at a distance of 1.5-2 meters (0.5-0.7 meter visibility under water). 
One would think that the dolphin learned to analyze weak echo signals (0.2 
reflection coefficient) from the plexiglas figures. 


All this warrants the belief that in discrimination the visual and 
echolocation analyzers of the dolphin are closely interrelated and supple- 
ment one another substantially, while the role of the visual analyzer in 
spatial orientation is particularly manifest during the training period. 


The effect of ruling vision out on poor orientation is also known 
for other dolphin species, for example Lagenorhynchus (Rehman, 1964). A 
trained dolphin headed straight for the wall of the tank when blindfolded 
and learned to orient itself well only after a few days. In a young bottle- 
nose dolphin trained to depress a lever on command, the blindfold also first 
induced disorientation, and it remained without moving with its nose on the 
neoprene-covered lever (Norris, 1969). Observation of a herd of common 
dolphins in a screened-in area (Bel'kovich et al., 1965) points to the 
importance of vision in orientation at sea: when a layer of dirty fresh 
water covered the surface after heavy rains, the dolphin preferred to remain 
as long as possible (up to 2 minutes) in the transparent water at the 
bottom, then it "made a few windows" in the cloudy layer by carrying clean 
sea water to the surface and surfaced for inspiration only through these 
windows. 


C. General Echolocation Mechanism 


On the basis of all the described echolocation experiments, we can 
try to discuss the function of the system of echolocating organs together. 


The overall function of the dolphin's echolocating system can be 
described as follows. When swimming, the animal makes use mainly of sound 
ranging, vision, and only occasionally (when necessary) emits orientation 
clicks. In the case of ranging or echolocating discovery of food (obstacle), 
the animal switches to an active channel for receipt of information and 
plots its course exactly by means of orientation signals. As it comes 
closer, the click frequency increases along with broadening of click spectrum: 
the echolocating system and vision switch to discrimination and make an 
exact assessment of the distance to the object. Let us recall that when 
approaching a fish the signal intensity increases, and it may reach 500-700 
bars/sq cm (Shishkova, 1965b). This in turn could be interpreted as a means 
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of capturing the fish (Bel‘kovich, Yablokov, 1963c, d) by stunning and 
disorienting it. 


More recently some extremely important data have been published 
that indicate that cetaceans can pick up echolocating (and other acoustic) 
signals by means of blubber waveguides in the mandible. 


Since the sensitivity to 95 khertz of the mandible is six times 
greater than that of the external auditory meatus, it was assumed (Bullock 
et al., 1968) that it is the best conductor (waveguide) for echolocating 
signals. It is interesting to note that the anterior frontal prominence 
was found to be almost as sensitive as the mandible. It was learned that 
the dolphins have four highly sensitive areas for reception of ultrasound 
on the left and right of the mandible, and the frontal prominence. Experi- 
mental stimulation of these areas recorded neuron responses in the range 
of 10-135 khertz (Yanagisawa et al., 1966). The physical interpretation 
of this is based on the angle of refraction between the jaw and water 
(Norris, 1969), since sounds delivered at an angle of 10-30° to the mid- 
line (axis) of the body would pass through the skin to the jaw best (with 
least loss), while sounds delivered at larger angles would gradually weaken. 


The well-known head movements of the dolphin from side to side (scan- 
ning) in discrimination can now be interpreted, and this not only from the 
standpoint of directional bearing by equalization of intensity at both 
receivers. Scanning can provide a sharp change in intensity of the received 
signal, since the animal moves its head at different angles in relation to 
the target. Directional emission of signals and directional reception are 
very important adaptations, in particular with regard to solving problems 
of distinguishing signals in noise. 


According to A.Ye. Reznikov (1971), a dolphin scans the entire field 
at a rate of 3.5x10°° per second when echolocating from left to right on 
the directionality diagram. Since the scanning time is comparable to the 
irradiation time, the time of irradiation of an object or hydrophone is 
inversely proportional to the above-mentioned angular velocity of diagram 
scanning, and to this day this has been assessed by all investigators as 
the time of the animal's pulsed signal proper. This phenomenon could also 
be interpreted as rotation of the direction of the instantaneous direc- 
tionality diagram lobes [blades] during emission of the pulse. This dia- 
gram scanning is achieved due to simultaneous function of two sources of 
emission (tubular sacs or nasal plugs) and it explains the briefness of the 
sonar signal, the double pulsed signals, the “preprocesses" recorded, the 
instability of the diagram observed experimentally, which should be inter- 
preted as instantaneous distribution of pressure amplitudes in the scanning 
field. 


In order to determine range, the dolphin can use the time value 
(interval) between emitted sounds and their echoes; it is sufficient to 
have two such readings to assess distance. Since the ability to measure 
time gains particular signficance in such a system, the capacity of dolphins 
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to analyze a l-msec pulse (Bullock et al., 1968) and 2.6-microsecond signal 
shift (Bel'kovich, Borisov, et al., 1969a) appears to be sufficient for 
processing of a large series of pulses, including 1,200 hertz at a few 
centimeters before the target. 


There is another more effective method of signal frequency analysis, 
since the high-frequency components are the first to disappear. Most 
probably it is used for orientation signals, and in discrimination it may 
emerge in combination with analysis of intensity changes. 


The possibility of involvement of the Doppler effect cannot be ruled 
out either. 


The sonar signals usually last 1 msec (75 cm from the target), but 
they may be 10 times shorter (0.1 msec). It was noted that high-frequencies 
are consistently present in the signals of marine mammals and that the 
signal repetition rate permits increasing its energy and alternately pro- 
tects the generator and receiver. In addition, the high frequency makes 
it easier to distinguish the signal from a noise background. 


The rather distinct impression is created (Bel'kovich, Reznikov, 
1971) that in the dolphin, within a specific range, the amplitude and type 
of oscillatory process in the click is not significant to echolocation, 
that the pulses are largely stereotyped and change little as related to 
various echolocating situations, so that they could hardly contain informa- 
tive elements. Their purpose is to create impact excitation in the object 
being located, and its spectrum will contain information. Evidently, 
expressly such creation of an individual "sound image" of the object accord- 
ing to the echo to the standard signal -- impact could explain the many 
known data pertaining to recognition in dolphins. 


Interest in dolphin echolocation was stimulated by several attempts 
to substantiate the mechanisms that might be used by the dolphin for "see- 
ing with sound.” It is believed (Chapmen, 1966) that the base-frequency 
method offers sufficient opportunities to the animal to obtain many 
angular and spectral characteristics of an object, on the basis of which 
the dolphin could form a rather complete conception of it. The develop- 
ment of holography made it possible to assume (Dreher, 1969) that dolphins 
use holographic images that are "printed" on the frontal prominence. Hypo- 
thetically, the system of dermal papillae on the integument, the density 
of which could theoretically provide for a resolving power of up to 100 
lines per mis considered as the system for reading them. 


The well-known physical principles of "seeing with sound" also give 
us reason to believe that the pad of blubber transforms the echo signal 
into an acoustic image of objects projected on the sacs of the external 
nasal passage (Reznikov, 1970). It is assumed that interpretation of these 
spatial acoustic images can be made by the usual baroreceptors and mechano- 
receptors. 
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With accumulation of experimental data, it was learned that there 
are considerable individual differences in echolocating capabilities even 
within the same population of dolphins (quite often the scatter constitutes 
up to 20%). True, as it was found, adequate formulation of the problem and 
method used by the experimenter to train an animal play a very important 
part. Thus, in our experiments, the bottlenose dolphin demonstrated a 
20-25% higher echolocating capacity as compared to previous thresholds 
demonstrated in other dolphins, but after consecutive training, the resolv- 
ing power of its echolocating system became quite high. One of the reasons, 
in particular, was that the animal used longer signals. In the case of 
consecutive training, when the process is gradual, the dolphin learns to 
shorten the duration of clicks. Thus, perhaps the problem can be reduced 
expressly to individual distinctions in rate and capacity for training. 


The echolocating system of the dolphin was found to be a well-adapted 
system of active collection of information about the environment, and it 
enables the animal to obtain information about the linear dimensions of a 
target, size, with an accuracy of up to 5-10%; it can assess range shifts 
to a precision of a few millimeters, and it discriminates between vertical 
and horizontal angles on the order of 1'40", as well as echo signal time 
lags on the order of 2.6 microsec. If we add to this the capacity to analyze 
its own echo signals lasting only 1-0.2 msec, with regard to frequency and 
intensity (Bullock et al., 1968), it can be stated with certainty that 
this hydrolocator is highly perfected and virtually universal; it not only 
locates the target, determines its linear and volumetric dimensions, 
velocity and direction of movement, but also identifies the quality of 
the material of which the object is made and its internal structure. It is 
unlikely that animals have to encounter this entire set in their natural 
habitat and to pursue such analysis, but demonstration of such capabilities 
experimentally is indicative of the universality of the echolocating system 
of toothed whales, which not only is comparable to the visual analyzer, but 
even excels it in some respects (Bel'kovich, 1970c). This must be taken into 
consideration when studying problems of ecology, behavior, and evolution of 
cetaceans. 


VII. Conclusion 


In this chapter we discussed questions related to function of the 
organ of hearing and echolocation of cetaceans. According to the material 
submitted, there are profound and basic differences between representatives 
of toothed and baleen whales with respect to all the main characteristics 
of structure and function of these systems. The sounds emitted are utterly 
different; the mechanisms of sound generation are different; the structure 
of the organ of hearing, especially the middle and internal ear, is differ- 
ent with regard to many important features in baleen and toothed whales. 


In assessing the degree of these differences, the same general ques- 
tion arises: which of the distinctions noted can and should be related to 
parallel or convergent adaptation to a generally similar marine life, and 
which are determined by phylogenetic similarity and difference? Future 
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extensive comparative anatomic studies and in-depth investigations of the 
fine structural and functional distinctions of the cetacean ear on a larger 
scale than has been done heretofore should answer this question. There is 
every justification to undertake such investigations at the present time, 
since the study of the ear turns out to be related to the solution of some 
important bionic problems, and first of all problems of orientation and 


navigation. 
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Chapter 11 


THE EYE AND OTHER SENSE ORGANS 


We know that in mammals vision represents one of the main sense organs. 
The specifics of the marine habitat (minimal transparency, absence of visible 
light rays at great depths, etc.) warrant the belief that in cetaceans the 
eye is a short-range receptor. With the exception of the gangetic dolphin, 
cetaceans have well-developed eyes, and this is indicative of the definite 
importance of this sense organ. 


The morphological structure of the cetacean eye has attracted the 
attention of many investigators (Bennet, 1840; Putter, 1903; Rochon- 
Duvigneaud, 1903; Mann, 1946; Pilleri, 1964, and others), and this also 
applies to the functional evaluation of the visual capabilities of these 
animals (Putter, 1903; Matthiessen, 1886; Walls, 1942; Rochon-Duvigneaud, 
1940; Slijper, 1962, and others). Nevertheless, it is only recently that 
the first experimental results were obtained in this direction (Kellogg, 
Rice, 1966). In this chapter, we shall consider in general the main 
distinctions of the cetacean eye as well as such sense organs as chemo- 
reception and dermal analyzer. 


I. Structure of the Eye 





The peripheral segment of the visual analyzer of cetaceans consists 
of the eyeball with the optic nerves and accessory parts: eyelids, glandular 
system, and oculomotor muscles. In cetaceans, the eyes are located to 
either side of the head in its most prominent parts, and their main optical 
axis is directed forward at an angle of 70-80° to the body axis (Figures 173, 
174). 


A. The Eyeball 


The cetacean eyeball is not spherical as in most mammals; rather, it 
is markedly flattened in its anterior segment (see Figure 174). The size 
of the eyeball and thickness of the sclera for different cetacean species 
are given in Table 52. 


The sclera of cetaceans is made up of three layers of collagen fibers. 
The internal and external layers are formed by numerous radial fibers, and 
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Figure 173. 
Structure of Delphinapterus leucas 
eye (Pilleri, 1964b) 
C) cornea 
Ca) anterior chamber 
Cc) ciliary body 
Ch) choroidea 
i) iris 
L) lens 
NO) optic nerve 
Z) Zinn's ligament 
S) sclera 
R) retina 
X,Y) arteries 
Re) rete mirabile 
P) optic nerve disk 
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the middle one by circular ones, which are densely invested in the fibers of 
the external and internal layers. At the site of entry of the optic nerve, 
the fibers of the sclera (fasciculus opticus) are arranged chiefly in a 
circular fashion (Pilleri, Wandeler, 1964). It should be noted that in addi- 
tion to the optic nerve membranes that are usual in mammals (pia, arachnoid, 
dura), in the cetaceans there is additional development of a special "“supple- 
mentary' membrane. It is best developed in the sperm whale, the humpback, 
and finwhale, but is represented to some degree or other in all cetacean 
species. On the outside, the "supplementary" membrane consists of a firm, 
inflexible connective tissue up to 2 mm in thickness (sperm whale); on the 
inside it is filled with connective tissue trabeculae, numerous arterioles, 
and a few venules, which are closely linked with the arachnoid and dura of 
the optic nerve. The dura is adherent to the sclera, like the supplementary 
membrane. The extensiveness of the supplementary membrane varies: for 
example, in the sperm whale, it involves the internal eyeball virtually on 
the equator, and in the common dolphin only a short basal part of the sclera. 
The optic nerve proper is 3 to 6 mm in diameter; its nerve fibers are very 
large and rather densely arranged; in cross-section they number 114,300 in 
the bottlenose dolphin (Jacobs, Jensen, 1964). There are numerous pigment 
cells surrounding the lamina cribrosa, the margin of the scleral ring, and 
continuation thereof in the optic nerve disk and neuroglial tissue in it. 


The cornea of cetaceans is somewhat oval in shape. On the periphery, 
at the site of connection to the sclera, in many species it is surrounded by 
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Figure 174. Prominent eyes of Balaenoptera physalus (bottom) and 


Eschrichtius gibbosus (top). Paramushir Island and Chukotka 
Peninsula. Photography by A.V. Yablokov. 


a pigmented epithelial and connective tissue ring. Bowman's membrane is some- 
what thickened, and Descemet's membrane is very thin. There is not much 
curvature to the cornea, for which reason the anterior chamber of the eye is 
small. The size of the cornea of different cetacean species is indicated in 
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Table 52. Characteristics of cetacean eyeball and sclera 
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Table 53. The external region of the corneal epithelium is formed of sev- 
eral (15-28) layers of squamous cells, and the internal zone consists of 
3-5 types of highly prismatic cells with round nuclei, and they are sharply 
separated from the homogeneous Bowman membrane (Pilleri, 1964b). 


On the inside, the choroidea is adjacent to the sclera, which changes 
anteriorly into the ciliary body, from which issue the ciliary processes and 
iris around the pupil. The choroidea of cetaceans is up to 4 mm in thickness; 
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Figure 175. Iris of Delphinus delphis (drawing by M.Kh. Abakarov) 
Legend: 


A) anterior view B) posterior view C) section 


Figure 176. 
Pupillary muscle action in cetacean eye 
(Pilleri, Wandeler, 1964) 
A) pupil dilated 
B) pupil constricted 





it has a spongy appearance because of the many vessels that make it up. The 
capillaries and large vessels usually pass in the layer of pigment cells. 
The vessels proceed radially and present thick walls; in addition, they are 
enveloped in elastic fibers of the sclera. The veins are located on the 
boundary of the tapetum and alongside the arteries. The tapetum lucidum 
consists of numerous flattened collagen fibers, and it imparts a steel-blue 
color to the optic cup. Many vertical vascular anastomoses pass through it 
from the choroidea into the choriocapillary layer. 


The ciliary body forms folds that are dissimilarly developed in 
different species. Thus, in the common dolphin, porpoise, and sperm whale, 
they reach up to one-third of the peripheral inferior part of the iris, in 
the sei whale to one-quarter, and in the humpback and finwhale to two-thirds. 
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Table 54. Dimensions of lens and optic nerve in some cetaceans (mm) 
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The ciliary muscle, which is so important to accommodation in mammals, is 
lacking in cetaceans, although at the site of its location fine and scattered, 
smooth muscle fibers are noted in the humpback, sei whale, and beluga. The 
ciliary-scleral space (Fontana's space) is also rather poorly developed in 
cetaceans, and it is filled with a network of pigmented trabeculae, which 
may form a very poorly developed pectinate ligament in the anterior part 
(common dolphin, porpoise, humpback, sei whale) or form none at all (sperm 
whale, finwhale, beluga). Schlemm's canal (venous sinus of the sclera), 
which is located here, also varies significantly in development. It is dis- 
tinctly separated from the space of Fontana and is multiple in the common 
dolphin and porpoise, it is poorly developed in the sperm whale and humpback, 
and it is absent in beluga and fin whale. 


Another prominence of the ciliary body, the iris, forms the pupil. 
(Figure 175). The iridal stroma consists of fine collagen fibers with pig- 
ment cells, and exteriorly it is covered with thick pigmented epithelium of 
isoprismatic cells. The iris is thinnest at the base and at the pupillary 
margin; numerous vessels and nerves protrude on its anterior surface into 
the anterior chamber. On horizontal sections they have the appearance of 
free loops, and at the base or in the middle they may form something like 
a “bridge with thin spans" protruding into the anterior chamber. The iridal 
muscles are distinctive and well developed (Figure 176), since the sphincter 
(m. sphincter papillae) occupies from one-quarter (common dolphin), one-third 
(beluga), to one-half (humpback) of the iris width, while the dilator muscle 
is represented by a varying number of ligament-fibers traveling circularly 
and independently of other muscles. 


The cetacean pupil is elliptiform, and its long axis is horizontal; 
upon contraction of the iridal muscles, the upper margin of the iris changes 
from a concave to convex shape, and the pupil becomes V-shaped (see Figure 175). 
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The third layer of the eyeball is the retina, in which numerous medium- 
sized rods and rarer cones (second layer) are represented. The external 
nuclear layer (III) is very rich in elements; the retinal (IV) and internal 
(VI) nuclear layers are thin. The ganglion cells are very large (layer IX), 
and they are far apart, which is typical for rod-type retina. The highest 
density thereof is along the equator in the anterior part of the retina. 

The pigment epithelium (layer I) is very flat and contains pigment only in 
the anterior and anterointernal segments, where it thus shields the corres- 
ponding parts of the tapetum. The typical feature of the cetacean retina 

is the radial network of vessels, which precludes formation of an area or 
fovea. The optic nerve disk is distinctly visible as a spot of a given size 
and pigmentation. The cetacean lens is almost spherical. According to the 
submitted data (Table 54), in baleen and some toothed (beluga) whales it is 
still somewhat flattened and should rather be described as elliptiform. It 
is invested in a relatively thick lenticular sac, which is attached through 
thin ligaments (zonula) under the iris to the processes of the ciliary body. 
The external epithelium of the lens consists of a layer of isoprismatic cells 
(Putter, 1903; Pilleri, 1964b), and the central nucleus consists of multi- 
layer epithelium. However, not all authors recognize such a structure (Rochon- 
Duvigneaud, 1942). Zinn's ligaments are formed of numerous fibers that are 
thick on the periphery and thin in the middle; they go on to the ciliary 
bodies without crossing. 


B. Accessory Organs of the Eye 


The eyeball is located essentially in soft tissues, and only a small 
part is protected by an osseous orbit. Externally, it is deeply concealed 
under the eyelids. The cetacean eyelids have no lashes or cartilage. They 
are formed of two horizontal skin folds that are interconnected anteriorly 
and posteriorly, consisting of epidermis and muscle fibers. On the internal 
side, their conjunctiva is very rich in vessels that are filled with blood, 
serous cavities, and canals. In the internal angle of the eye, this conjunc- 
tiva forms a thick membrane, a third lid, which is rudimentary and not devel- 
oped in all species. The orifice of the eyeball is small, and it is slightly 
larger than the vertical diameter of the cornea. The upper eyelid is large 
and wide, the lower is narrow (which could increase the visual field down- 
ward). 


C. The Muscles of the Eye 


In addition to the four rectus and two oblique palpebral muscles that 
are usual in mammals, there is also a retractor of the eye; all of them are 
rather well developed (Hosokawa, 195la). In rorquals, the rectus muscles are 
weaker, and they accompany the palpebral ones reaching the eyeball in the 
form of tendinous dilatations. The retractor muscles are thick and attached 
by muscle fibers over a great distance to the posterior segment of the eye 
(Figure 177). The axis of their extension coincides with the axis of the 
supplementary membrane of the optic nerve; in size in the rorqual they are 
close to the human sciatic muscles. A. Rochon-Duvigneaud (1943) attributes 
a heating function to them to prevent overcooling of the eye because of 
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Figure 177. Diagram of eye structure in Hyperoodon sp. (Weber, 1886a) 


Legend: 
ol, ul) upper and lower eyelids Areas of attachment: 
r) retractor muscle re) m. rectus externus 
rs) m. rectus superior oi) m. obliquus inferior 
ps) m. palpebralis superior no) optic nerve 


ri) m. rectus inferior 
pi) m. palpebralis inferior 


tremor). In whales, in addition to the usual function of altering the upward- 
downward-lateral optic axis, the muscles also regulate the degree of protru- 
sion of the eye. Thus, in dolphins (bottlenose) they eye could be “protruded” 
10-15 mm outward and "retracted" again. In view of this fact, it should 
apparently be recognized that the retractor muscles should be called a pro- 
tractor muscle. 


D. The Glandular Apparatus 


The lacrimal glands are altered, and there are well~developed Harderian 
glands. The secretions of the ocular glands protect the eyeball and cornea 
reliably from foreign particles. These secretions are particularly profuse 
when swimming in cloudy water or when the animals are in the air. The coeffi- 
cient of refraction of the secretions produced by the glands is the same as 
that of water. The secretion is transparent, viscous, but has nothing in 
common with fat; it is typical protein mucus. 


II. Some Adaptive Distinctions of the Eye 


The above-described structure of the cetacean eye allows us to distin- 
guish some general adaptive features in the cetacean eye. 


In their aquatic habitat, cetaceans encounter primarily: 1) hydrostatic 


pressure that changes significantly; 2) high heat capacity; 3) diminished 
light; 4) minimal transparency; 5) increased ion exchange [metabolism]. 
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Figure 178. 

Arterial network of Balaenoptera physalus eye 
(Pilleri, Wandeler, 1964) 

a) sclera 

b) optic nerve 

c) rete mirabile 

d) a. ciliares longae 

g) disk 

h) chamber 

i) lens 

k) cornea 





Let us consider the structure of the cetacean eye in this light. 


The thickness of the sclera can be correlated to the size of the 
animal, constituting one-seventh of the physiological axis in the porpoise, 
one-fifth in the common dolphin, one-half in beluga andthe bottlenose, and 
four-fifths in large whales. Such an increased scleral thickness is also 
typical for other mammals that are large (it is known for the elephant and 
hippopotamus). It could constitute ordinary adaptation to protect the optic 
nerve from mechanical injury (Rochon-Duvigneaud, 1943), especially since 
this is also aided by the increased thickness of the nerve membrane. On the 
other hand, this could be an adaptation to sharply changing hydrostatic pres- 
sure (Fraser, 1959). The strong development of the choroidea consisting of 
a typical spongy rete mirabile (Figure 178) could also be considered as the 
functional response to changes in hydrostatic pressure. Due to changes in 
degree of filling of the vessels, the choroidea may also change in volume 
(and consequently so can the pressure in the posterior chamber), thus assur- 
ing normal function at different depths. This is confirmed by the universality 
of development of the rete mirabile and cavernous plexi, which are present not 
only here but also in the tympanum and other areas (see Chapter 7). This 
same purpose is served by the additional fibrous membrane of the optic nerve, 
which is particularly well developed in deep-diving species. Some investi- 
gators believe (Rochon-Duvigneaud, 1943) that it is not a cavernous sinus 
and that it merely serves as a soft shock absorber (due to the fact that the 
space between the trabeculae is filled with blubber); however, judging by 
its structure, it should still serve the typical function of cavernous 
elements. 


A. Putter (1903) had already discovered an organ in toothed whale 
eyes to gauge pressure, located in front of the pupillary angle in the lower 
part of the eyeball. This small elongated gastrule with a retinal membrane 
and terminal elements directed internally is apparently linked to the ciliary 
nerve. A. Putter discovered this structure in the bottlenose and beluga 
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embryo (primordium). Rochon-Duvigneaud attributes the same function to 
Herbst corpuscles -~ the ciliary corpuscle of the humpback -- and a compar- 
able structure recently discovered in the finwhale (Pilleri, Wandeler, 1964). 
The presence of these receptors could explain the mechanism of pressure 
regulation in the anterior chamber, since the lack of communication between 
the anterior and posterior chamber of the cetacean eye raises the question 
of pressure regulation in the anterior chamber as well during emersion. If 
the ciliary bodies are pick-ups, the free iridal vessels (loops, "trusses’) 
protruding into the anterior chamber could regulate pressure in it during 
diving by increasing their volume. This can also be corroborated by the 
transitive supply of blood to the iris by two arteries (Pilleri, Wandeler, 
1964). 


No doubt, the iridal vessels must serve a rather important function 
with regard to heating the anterior chamber (Figure 179). With regard to 
the entire eyeball, it may be assumed that its retraction under the skin 
serves as adequate heat insulation, though additional heating through the 
profuse blood supply as well as muscle tonus cannot be ruled out. 


The development of the tapetum indicates that the cetacean eye is 
adapted to twilight. The tapetum is specialized to reflect light so that 
the retina is kept in a state of excitation and readiness to perceive very 
weak stimuli. At the same time, the V-shaped pupil is indicative as well 
of adaptation to increased illumination (on the surface) since, unlike a 
round pupil, it can alter the level of the beam of light to the retina over 
a wide range. Twilight adaptation is also stressed by the rod type of 
retina (Table 55), and the rods are larger in cetaceans than in terrestrial 
mammals (Mann, 1946). 


In animals whose eyes are virtually spherical (man, Carnivora), the 
relationship between the cornea and the eyeball can be well expressed in 
degrees of circumference (130° in dogs, 140° in cats). The cetacean eye has 
a flat posterior wall in the internal cavity and therefore it would be meaning- 
ful to compare the ratio between the corneal diameter and physiological axis 
(length) of the eye (Rochon-Duvigneaud, 1940). It constitutes 16/20 (0.8) 
in cats, 13-19/19-21 (0.68-0.905) in dogs, 25-29/40 (0.626-0.725) in horses, 
24/33 (0.725) in the ox, 29-40/40 (0.725-1.0) in the humpback, 19/20 (0.95) 
in the bottlenose, 16/19 (0.84) in the porpoise, and 23-29/26 (0.885-1.11) 
in the sperm whale. Hence it is quite obvious that the cetaceans have a 
large field of vision. No doubt this is important, particularly under water. 
At the same time, according to the relationship between the anterior (ao) 
and posterior (ap) segments of the eye (which constitutes 1:3 in whales and 
1:1.5 in horses), we see that there is flattening of the anterior segment 
of the cetacean eye. Furthermore, the anterior margin of their retina, 
because of the scleral curvature at the equator, is curved anteriorly, 
which precludes the use of this part of the retina to discern images. It 
should be added that, according to the ratio between the physiological 
(optical) axis of the cetacean eye and the length of the body, dolphins are 
similar, with respect to this feature, to man (1/70; 1/80 in the common 
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Table 55. Characteristics of cetacean and human retina (according to Putter, 





1903) 
Ruane. Number of 
, rods, —tods_ 

Bug Species ga Number of 
optic nerve 
fibers 

Homo sapiens * _- 410—415 


Del phinapterus leucas 1,5-105) 5560 
Hyperocdon ampullatus |1,43-105) 720 
Phocoena phocoena 2-40°| = 4850 
Balaenoptera physalus par 5095 


*According to Kooyman and Andersen, 1969. 


dolphin, 1/84 in the porpoise). In larger formsthe situation is different 
(1/150 in beluga, 1/300 in the bottlenose, 1/350 in the humpback, 1/440 in 
the finwhale, 1/600 in the blue whale and sperm whale). Thus, the size of 
the cetacean eye does not increase proportionately to body size. Since the 
physiological axis is a most important index for estimation of the size of 
retinal images, no doubt large whales present microphthalmia. This microph- 
thalmia has nothing in common with reduction or underdevelopment of the eye, 
but since there is no high density of receptor elements in the retina, and 
there are few ganglion cells and optic nerve fibers, there is every 

reason to believe that acuity of perception of visual images cannot be par- 
ticularly high. If we add to this the absence of accommodation mechanism 
that is typical for mammals, we find that we are dealing with a specific 
analyzer with a broad horizontal field of vision, high degree of photosensi- 
tivity, but focusing only over a specific distance. 


The glandular system of the cetacean eye produces a unique secretion 
that reliably protects the eye from mechanical or chemical injury. At one 
time it was erroneously believed that the ocular glands of cetaceans secrete 
a fatty secretion. It was found that this is typical protein mucus of thick 
consistency (like egg white) with the same refractive index as water. The 
latter circumstance is very important since such profuse secretions should 
not hinder normal eye function. In addition, we have some reason to believe 
that this could be one of the adaptations to provide the same vision in 
cetaceans in air as in water. 


Investigations of embryonic development of the finwhale eye (Pilleri, 
Wandeler, 1964) revealed that originally, in embryogenesis, there is flatten- 
ing of the anterior segment of the eye (Figure 180). This is associated 
with formation of the retina and a specific vascular system in which two 
arteries go through the sclera and open in the iris, while the venous blood 
from the iris and choroidea goes into the sinus surrounding the iris periph- 
erally, and only after this does it collect into veins (see Figures 178, 
179). The sclera increases in thickness somewhat later, while the choroidea 
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Figure 180. Development of eyeball in Balaenoptera physalus. Sclera 
and lens shown in black (Pilleri, Wandeler, 1964) , 


develops at a faster rate only at the later stages. The ciliary body serves 
merely as an organ for blood supply at all stages. The primordia of the 
ciliary muscle cannot be traced at all. All this enables us to discuss 

some questions of cetacean phylogenesis on the example of the finwhale. 
According to the classical conceptions of the biogenetic law, the sequence 
of adaptive reorganizations of eye structures is indicative of the stages 
that cetaceans went through in their secondary. assimilation of a marine 
habitat. 


The flattened anterior segment, specific blood supply to the iris 
and ciliary bodies, and the lack of accommodation warrant the belief that 
for a long time the ancestors of whales lived in water but did not dive to 
great depths. The thickening of the sclera, development of the choroidea, 
and of the tapetum constitute special adaptations to high hydrostatic pres- 
sure and twilight. The late development of these structures indicates that 
a need for them developed relatively recently. 


It is not without interest to note that the cetacean eye is closest 
in structure to the eye of ungulates (ruminant): horizontal pupil, asymmetric 
eyeball, collagenous tapetum, zonula showing no intersection of fibers, and 
others, whereas there is very negligible similarity to Carnivora (Rochon- 
Duvigneaud, 1940; Pilleri, Wandeler, 1964). 


III. Visual Discrimination 
We discussed above some of the morphological distinctions in structure 


of the cetacean eye that also determine the functional capabilities of the 
visual analyzer. However, it should be noted that direct observations in 
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Figure 181. Maximum protrusion of eyes, Tursiops truncatus. 
Photography by A. Kulikov 


their natural habitat and oceanariums are often inconsistent with morpho- 
functional conceptions, and there is still a limited number of direct 


experiments. 


The cetacean field of vision is broad in the horizontal plane and 
directed somewhat downward. We know that it constitutes about 160° in man, 
250° in the dog, 360° in the rabbit, 125° on each side in the sperm whale 
(Matthiessen, 1893; Slijper, 1962), and in the dolphin, according to our 
estimates, about 130° (for each eye). In addition to morphological distinc- 
tions (structure and location of the eyes), there are also distinct ecological 
ones: in Carnivora the field of vision is narrower than in their prey. This 
has a direct bearing on the question of stereoscopic vision, since an 
increased range diminishes steropsis. Stereoscopic vision arises when the 
left and right fields overlap, and it constitutes about 120° in man, 90° in 
the dog, 60° in the horse, and in the rabbit 30° forward and 9° back. Stere- 
opsis is important for exact determination of the distance when capturing 
prey, jumping, etc. To date, investigators cannot agree concerning the visual 
capabilities of cetaceans in this respect. 
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The mere fact that the cetacean eyes are placed far to the back, to 
either side of the head, already indicates, it would seem, that stereopsis 
is impossible, as also suggested by the location of the massive frontal 
prominence between the eyes (toothed whales) or curved maxillary bones 
(baleen whales). This is also confirmed by the data of 0. Langworthy 
(1931, 1932), who failed to demonstrate visible cross-over of the optic 
tracts in the chiasma in the brain of the bottlenose dolphin. 


In this regard, at first glance, the statement of E. Slijper (1962) 
appears strange: that some part of the visual field of the bottlenose dolphin 
is stereoscopic. However, we could add to this our direct observations in 
the field. While hunting for gray mullet in the Black Sea, one could often 
observe how the bottlenose dolphin jumped out of the water after the fish 
and captured it in the air (the same behavior was noted for representatives 
of Stenella; Norris, Prescott, 1961). We are quite familiar with the 
precise and high jumps of dolphins in oceanariums to take fish out of the 
trainer's hand, jumps through hoops, throwing a ball in a basket, pulling 
a bell rope in the air, etc. In all these cases, coordination of movements 
appears inconceivably complex without stereoscopic vision: the dolphin can- 
not "slow down" in the air or, on the contrary, jump higher or maneuver to 
one side. 


When discussing the question of stereoscopic vision of dolphins, one 
usually overlooks the capacity of cetaceans to protract their eyes from the 
orbit (Figure 181), which is performed by means of a special protractor (see 
above). As shown by our estimates, in this case there would be significant 
overlapping of the visual fields (on the order of 20-30°) in dolphins, and 
this could allow reception of a three-dimensional image on the peripheral 
part of the analyzer. In addition, the well-known phenomenon of head shaking 
(scanning) of dolphins by echolocation methods was also noted in visual 
discrimination (Kellogg, Rice, 1966). Perhaps, this also causes some widen- 
ing of the angle of stereoscopic vision. Finally, direct observations have 
shown that when swimming, the dolphin usually inspects the experimenter with 
one eye, but if it jumps out of the water or is in vertical position in 
water, and its snout is directed toward the individual, both eyes track 
simultaneously all the experimenters actions. 


Visual acuity is of primary significance to assess discrimination 
capabilities, along with the above indirect data. As we have already men- 
tioned, the cetacean eyes resemble most the eyes of ungulates, especially 
the ox. As we know, the eyes of the bull are emmetropic (normal) with con- 
vex cornea and astigmatism due to vertical curvature. The cetacean cornea 
is flattened and astigmatic, while the lens usually has the same anterior- 
posterior curvature radius (which should compensate for corneal astigmatism 
under water). In addition, the contents of the ocular chambers are identical 
to sea water, with respect to optical properties, and for this reason would 
not affect the course of the beam of light in the eye (Matthiessen, 1893). 


Under water, the cetacean eye should be mildly hyperopic and very 
myopic and astigmatic on the surface (due to asymmetry of vertical and 
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horizontal curvature of the cornea). To this we could add that there are 

no specialized areas in the cetacean retina to increase acuity. If we recall 
that cetaceans cannot accommodate by the methods inherent to other mammals, 
the conclusion is begged that their eyes are not very suitable for detailed 
discrimination in water. Evidently, such discrimination is possible only 

at fixed distances on the order of 5.4-6 meters for dolphins and virtually 
impossible on the surface (Walls, 1942). However, direct observations 
indicate that some whales (least rorqual, gray whale, and others) stick 
their head out of water. Occasionally this is done for the obvious purpose 
of looking around (bottlenose dolphin) or detecting prey (killer whale). 


It has been experimentally shown (Kellogg, Rice, 1966) that under 
water the bottlenose dolphin can distinguish 25 out of 31 exhibited figures 
with its eyes. The degree of discrimination is quite high, since the animal 
discerned without error not only different figures (triangle and circle, 
"heart'' and cross, square and right angle, and others) but also different 
positions of the same figure (a triangle with the vertex up, down, to one 
side). It was also shown (Bagdonas et al., 1970) that the common dolphin 
can differentiate between figures visually. 


It is believed that because of strong refraction it is impossible 
to see clearly out of water to the surface. It appears that this has 
been corroborated in the experiments of W. Kellogg and C. Rice (1966) 
with the bottlenose dolphin, which could not discern figures in the air 
from water, even after hundreds of presentations. At the same time, 
long experience has shown that dolphins can see the trainer's movements 
on the surface at a distance of 5-6 meters from below the water surface, 
and they also see well on the surface. Incidentally, in experiments with 
bottlenose dolphin, after the animal has been trained to discern patterns 
in water it began to discern them on the surface as well. It was found 
that discrimination was successful when the distance to the patterns was 
2.4-5.4 meters. Although these experiments pursued sole psychological 
purposes and were not without flaws, they offered the first confirmation 
that the dolphin can visually perceive rather precisely different patterns 
both in the water and on the surface. 


In conclusion, we should discuss the question of the mechanisms 
implementing normal cetacean vision in the air. In whales, the distance 
between the lens and retina is nonuniform throughout the retinal surface. 
It is smallest in the middle and increases to the periphery. This warrants 
the belief (Mann, 1946) that on the surface the eye may be myopic only in 
the middle and in water only on the periphery of the retina. 


Another mechanism of cetacean accommodation may amount to a change 
in the distance between the lens and retina due to a change in curvature 
(contraction) of the sclera under the influence of the ocular muscles (Lilly, 
1965). Finally, we have already voiced the assumption that the "mask" 
effect is used for vision on the surface; the protein mucus of the ocular 
lens, which has the same refractive index as water, plays the part of such 
a mask. 
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Figure 182. Swimming direction of Delphinus delphis herds in the 
Mediterranean, July 1967, and position of sun (top) 
(Pilleri, Knuckey, 1968) 
Abscissa axis -- number of dolphin herds; arrows show direction of herd 
movement; half-black circles indicate feeding. 


The possibility cannot be ruled out that visual perception plays a 
larger part in the life of cetaceans than is generally believed. This is 
also indicated by the interesting observations in the field of a link 
between the direction of dolphin movements and position of the sun (Pilleri, 
Knuckey, 1968) (Figure 182). 


IV. Chemoreception 


We know what a large part odors play in the life of terrestrial ver- 
tebrates. Olfaction serves both to search for food and for communication 
between specimens of the same species, for protection from enemies, etc. 
Signalization by means of olfaction has a prolonged aftereffect. Herein 
lies the important distinction of olfactory signalization as compared to 
sonic and visual signaling, which is designed for immediate perception. 


The specifics of the marine environment, the short and explosive 
respiratory act are indicative of a difficulty in using olfaction (in the 
conventional sense) for cetaceans. This is also confirmed by the morphol- 
ogical data since whales do not have a developed olfactory epithelium in the 
nasal passages. Analysis of brain structure reveals that the olfactory nerves 
are totally reduced in toothed whales and very negligibly developed in baleen 
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whales (see Chapter 9). It would seem that whales are deprived of olfaction 
and taste. However, the studies of the last decade compel us to reconsider 
this opinion. Ecological observations backed up by morphological findings 
serve as the reason for such revision. 


A. Ecological Evidence of Chemoreception 





The production of odoriferous secretions (Carnivora, ungulates, and 
others) or excreta are traces of presence of terrestrial mammals. These 
traces are combined when numerous ducts of special glands open into the 
urinary canal. Evidently, delivery of signals in this manner is also 
available to toothed whales, since there are special perianal glands near 
the anus of males (Yablokov, 196lc, d). The ducts of these glands open 
directly into the water. In addition, in toothed whales there are numer- 
ous excretory ducts of the prostate in the lumen of the urinary canal. 


The very frequent emission of small quantities of urine into water 
(see Chapter 8) is also indicative of the possibility of signaling signifi- 
cance of urine in toothed whales. A strip of dissolved substances always 
remains in the water in the wake of a herd of whales. 


In this regard observations in oceanariums are also remarkable. Dol- 
phins are usually very fond of catching a jet of fresh sea water in their 
mouth and can spend hours doing this. These observations could be logically 
related to reception of chemoinformation (Bel'kovich et al., 1967). 


According to beluga whaler observations, we know that the animals 
panic as soon as they swim into an area where a beluga has been killed 
recently, and there are traces of its blood in the water. This could be 
attributed to the fact that toothed whales definitely perceive changes in 
chemical composition of water. 


While conducting observations from the coast of Kanin Nos peninsula 
of a herd of beluga that would swim by there daily, it was once noted that 
one herd that was frightened by a fisherman's gun swerved sharply out to 
sea. After some time, a new herd appeared, and when it reached the place 
where the previous frightened herd had turned out to the open sea, it 
performed the very same maneuver. There were no frightening factors involved. 
There can only be one explanation: some sort of long-acting specific signal 
had remained in the water from the preceding herd (Bel'kovich et al., 1967). 
This warrants the belief that toothed whales not only leave and perceive 
passive information in the form of excretions of the excretory organs of 
the animals, traces of blood, etc., but apparently they can also "control" 
such information. 


With regard to the behavior of baleen whales, there are also some 
observations that indicate that they detect changes in salinity of ocean 
water with great accuracy (Chernyy, 1966). The changes in salinity are the 
determining factor in development of accumulations of their food -- zoo- 
plankton. Optimum salinity is 33.5-33.9 0/00. In areas with such salinity, 
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one usually encounters feeding baleen whales, whereas in areas with a differ- 
ent salinity, one only encounters "transient" whales. A comparison of the 
distribution in the ocean of different salinities and whales reveals that 

the whales persistently remain in areas of optimum salinity when they are 
eating. Furthermore, analysis of whale migrations reveals that the migration 
of baleen whales beyond the areas of optimum salinity is perpendicular to 

the isohalines. In the area of optimum salinity, whale migration occurs 
along the lines of equal salinity between optimum isohalines, and in the 
presence of an accumulation of food the movements become chaotic but within 
the range of the food field. 


All these observations define the general conception that baleen 
whales can discern changes in salinity of the water (Slijper, 1962) and can 
use such chemoreception to find food in the shortest period of time. 


B. Morphological Evidence of Chemoreception 


Recent works dealing with morphology of the central nervous system 
of cetaceans give us reason to revise the established concepts concerning 
reduction of the parts of the brain responsible for processing chemoinforma- 
tion. It was shown (Filimonov, 1949) that in spite of reduction of the 
olfactory lobes of the brain, all the paleocortical, archicortical, and 
mesencephalic regions, including the olfactory ones, are present in the 
dolphin cerebral cortex. In recent works dealing with anatomy of the 
dolphin brain (Kruger, 1959), it was noted that, strictly speaking, one 
cannot associate chemoreception with the olfactory parts of the brain alone. 
The structure of the thalamus and adjacent parts of the brain allows us to 
discuss a perhaps excellently developed gustatory sensibility in dolphins. 
The same is stressed by the considerably developed glossopharyngeal (IX) 
nerve (see Chapter 9). 


As we turn to consideration of the peripheral elements of the chemo- 
reception apparatus, we must note that for a long time investigators were 
concerned with the paired recesses at the end of the maxilla of baleen 
whales, which are often analogized to Jacobson's organ. It was shown in 
toothed whales (Yablokov, 1957, 1961c; Kleynenberg et al., 1964) that there 
are small elongated foveolae (see Figure 62) at the base of the tongue, 
between its body and root, in many species. Typically enough, while the 
entire mouth, tip and body of the tongue are lined with squamous epitheliun, 
these foveolae are lined with prismatic epithelium. On the corpus of the 
tongue of some toothed whales (beluga, sperm whale, porpoise, Berardius, 
beaked whale, killer whale, bottlenose dolphin, common dolphin) there are 
mucous-albuminous glands that increase in size and number as they approach 
the root. In the region of the above-described foveolae, this glandular 
field is the most developed. 


The presence of foveolae on the root of the tongue of all toothed 


whales examined (Hein, 1914; Bolk et al., 1936; Yablokov, 1961c), the distinc- 
tions of their arrangement on the tongue (similarly to the vallate papillae 
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of mammals, most specialized for taste perception), and the constant contact 
with salt water warrants the belief that they could function as chemoreceptors 
(Yablokov, 1957, 1961c). In recent years other investigators have arrived 

at the same conclusion (Caldwell et al., 1966; Evans, Bastian, 1969). 


In 1971, finally some morphological evidence appeared of the presence 
of taste buds with typical nerve endings in the above-described foveolae on 
the root of the tongue (L.S. Sukhovskaya, in litt.), in the common dolphin. 


Such structures have not been demonstrated in the baleen whales 
studied (blue whale, fin whale, sei whale, least rorqual, gray whale, and 
humpback; Yablokov, 1957, 1961c). 


Evidently, for toothed whales, chemoreception serves primarily for 
communicative purposes, to obtain and issue information concerning the 
behavior of others of their own species and, to a lesser extent, for orien- 
tation in the ocean (particularly when searching for food, which is imple- 
mented by other sense organs -- hearing and vision). For baleen whales, 
chemoreception may apparently be significant to find food and in general 
orientation in the ocean, whereas its significance to communication is 
problematic. 





V. Dermal Analyzer 


The receptors of the integument perceive and transmit to the central 
nervous system the entire diversity of contact with the environment, and 
they provide the animal with information about tactile, pain, temperature, 
and vibration stimuli. 


The dermal analyzer has been rather comprehensively investigated 
from the morphological point of view, but the number of experimental works 
dealing with the functional aspect is very small, and they deal chiefly 
with man. In this regard, there is still no agreement concerning the func- 
tional significance of specific receptor structures of the integument. 


Below we shall describe the morphological structure of the dermal 
analyzer (vibrissae and receptors) of cetaceans, and then we shall discuss 
its functional capabilities. 


A. Vibrissae 


There is no hair on the cetacean integument. Vibrissae develop on 
the head of baleen whales; their number reaches 250 in the Greenland right 
whale and 50-100 in rorquals. 


The structure of the cetacean vibrissae was studied by many investi- 
gators (Kukenthal, 1893; Japha, 1910; Nakai, Shida, 1948; Yablokov and 
Klevezal', 1964, and others). The hair follicle of the baleen whale vibrissae 
penetrates rather deep into the derma (Figure 183). In the nerve stem going 
to the vibrissae there are 400 (Slijper, 1962) to 10,000 (Japha, 1910) nerve 
fibers. 
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Figure 183. 

Diagram of vibrissa structure in Balaenop- 
tera physalus (A) and Delphinus delphis 
embryo (B)(Yablokov and Klevezal', 1964) 

1) epidermis 

2) vibrissa 

3) hair follicle 

4) connective tissue bundles 

5) vascular lacunae 

6) vessels 

7) nerve fibers 

8) muscle fibers 





In baleen whales the vibrissae are located on the head in three separ- 
ate groups: at the end of the mandible, on the lateral margin of the mandible, 
and on the dorsal aspect of the head. At the end of the mandible, they are 
usually arranged in two vertical rows. At the beginning and end of these 
rows, the vibrissae may be arranged in groups. On the branches of the 
mandible, they grow in one row (blue whale, finwhale) or several rows of 
different lengths (sei whale); they are usually in rows on the dorsal 
aspect of the head, two to either side of the midline incisor crest. In 
this area, a maximum number of vibrissae is noted in the blue whale -- 50 
(Yablokov, Klevezal', 1964). 


The vibrissae of baleen whales are considerably smaller than those 
of terrestrial mammals. They are only 0.2-0.4 mm in thickness, and the 
length of the protruding part is about 10 mm (Table 56). 


Toothed whales can be divided into four groups according to develop- 
ment of vibrissae. The first is characterized by total absence of vibrissae 
even in an embryonic state (beluga, narwhal). In representatives of the 
second group, vibrissae are inherent only to embryos (sperm whale, pilot 
whale, common dolphin, and others). In whales of the third group, the 
vibrissae are retained for the nursing period (Tursiops, Steno, Stenella, 
and others). The follicle is normally developed, while reduction of the 
papilla occurs only 1-2 months after birth. The distinctive feature of 
vibrissae of nursing specimens is that there is very good development of 
innervation of the hair follicle. At 3-5 months of age, the vibrissae fall 
out, but traces thereof in the form of small pits remain on the skin through- 
out the animal's life. In addition, specific innervation of these pits 
(Palmer, Weddell, 1964) is retained in adult dolphins. River dolphins 
(Platanista gangetica, Inia geoffrensis) must be classified in the fourth 
group: they retain a rather large number of vibrissae through their life. 
The distinction from all other whales is that the vibrissae are flattened, 
about 1 mm in width, and they taper down only at the very tip. They are up 
to 15-18 mm in length, and approximately in the middle they are slightly 
curved so that the tip is directed toward the surface of the skin. The 
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Table 56. Dimensions of vibrissae (means) in different cetacean species 
(Yablokov, Klevezal', 1964) 














fi (2) Gy. eee ae). (6) (7) 
aaa pugpnccis, sa | arp neaan’ | palstyaamen 
Balaenoptera ;hysalus 0,45 44,8 10,4 4 0,88 
B, borealis 0,16 0,0 8,25 1,2 0,82 
B. musculus a= 42,5 as aes = 
Eschrichtius 0,33 17,5 10,0 1,75 0,57 
Mega ptera 0,17 48,6 9,0 2,06 0,48 
Delphinus 0,20 3,33 12,4 0,27 3,73 

Key: 


(1) Genus, species, (2) Thickness of vibrissae, mm, (3) Length, mm, 
(4) Submerged part, (5) Surface part, (6) Coefficient of penetration, 
(7) Coefficient of protrusion. 


vibrissae are resilient and smooth, especially at the base. But their apex 
is slightly rough, as if slightly eroded. Each hair is located in a small 
recess and can move (Layne, Caldwell, 1964). 


B. Dermal Receptors 


Since there is no hair at all on the cetacean integument, the surface 
of the epidermis comes in direct contact with water. Morphological studies 
warrant the belief that the dermal analyzer of cetaceans reaches a high 
degree of perfection. 


Large nerve trunks, up to 85-120 microns in thickness, pass in the 
dermal layer of the cetacean skin; in the common dolphin and porpoise, they 
can be just as thick 10 m away from the surface. They are directed perpen- 
dicularly to the surface of the body, and they are invested in a thick peri- 
neural sheath. Very often, the nerves accompany large blood vessels, and this 
is particularly typical for the integument of the head and flippers of 
cetaceans, and it can be interpreted as a means of preventing overcooling 
of the nerve stems (the latter is particularly important when they are 
superficially distributed). 


Numerous nerve fibers that are larger than in human skin have been 
found in the integument of the bottlenose dolphin. There is a higher den- 
sity of nerve endings in the bottlenose skin than in man, and this is particu- 
larly visible in the skin of the snout and around the nipple (Palmer, Weddell, 
1964). 


As we turn to receptor elements, we must mention their diversity. 
Thus, in the bottlenose dolphin, Krause bulbs have been noted with connective 
tissue membranes in the integument of the pectoral flippers, snout, and 
clitoris. Pacchionian bodies have been demonstrated in the skin of the 
snout, and Schwann cells in the papilla mammae. The numerous branches of 
the thick nerve stems in the integument end in diverse free endings, or they 
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are united in capsules. They are particularly numerous in the corium of 
the pectoral limb, rostrum, and head (Palmer, Weddell, 1964). 


It was shown that Merkel cells (Bel'kovich, 1959a) are encountered 
in the epidermis of toothed whales (beluga). They are particularly numer- 
ous in the epithelium near the respiratory orifice and in the perianal 
area, and this same species has demonstrated specific "columnar cells" 

(see Chapter 2). In the common dolphin and porpoise, "extension" recep- 
tors have been isolated among specific receptor endings. Different types 
of simple nerve endings present some topographic localization. Thus, 
terminals prevail in the epidermis and retinal layer of the corium, fibril- 
lar nerve endings are also encountered more often in the epidermis and the 
papillary layer of the corium, dendritic endings are found at the base of 
the dermal papillae, and bulb-shaped endings are found in the retinal layer 
of the corium. The typical feature of the encapsulated nerve endings in 
the skin of toothed whales is that they have multiple axons. 


Unfortunately, there is very sparse information about the innervation 
of the integument of baleen whales. This could be attributable only to the 
fact that the material reaches the hands of investigators many hours after 
these commercial animals have died, and it is difficult to use for demon- 
stration of nerve endings by the usual silver-impregnation methods. Never- 
theless, the large nerve trunks that are preserved on skin preparations 
warrant the belief that in baleen whales, too, the integument is well 
innervated. 


C. Function of the Dermal Analyzer 


Although it is generally believed that the dermal analyzer is virtu- 
ally a contact structure, for whales it would be more correct to define it 
as a short-range analyzer. The possible increase in range of its function, 
as compared to that of terrestrial species, could be attributed to the 
density of the water environment. As we know (see Chapter 10), there is a 
60-fold increase in oscillation pressure in water, and the same decrease 
in amplitude of such oscillations. This could be enough for long-range 
perception of vibrations by the dermal analyzer of whales. 


It is the unanimous opinion of researchers that the cetacean vibrissae 
are a tactile organ (Japha, 1910, and others), and no doubt they are used by 
baleen whales for short-range localization of food. It has been shown 
(Yablokov, Klevezal', 1964) that the morphology of vibrissae in different 
species of rorquals is related to nutritional distinctions. It is assumed 
that the vibrissae can perceive not only tactile stimuli, but also currents 
of water when any object moves near the vibrissae (Nakai, Shida, 1948). The 
location of these elements over the enormous surface of the head of the 
baleen whale enables us to consider them as a whole, as a specific receptive 
field that permits short-range orientation with great accuracy. 


It should be added that virtually the entire surface of the mouth 
(especially the anterior parts of the lips of finwhales and sei whales) 
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contains highly sensitive tactile organs that are modified Golgi-Mazzoni 
corpuscles (Ogawa, Shida, 1950). This stresses the role of the dermal 
analyzer of the head for orientation in obtaining food. 


The development of the sinuses in the hair follicle of the vibrissae 
warrants the belief (Yablokov, Klevezal', 1964) that oscillation of the 
hair shaft should be transmitted by nerve elements to the wall of the follicle 
through oscillations of the blood filling the sinuses. 


In nursing specimens, the vibrissae apparently play a dual part. They 
are definitely tactile organs that help the offspring orient themselves. 
The rigid and short vibrissae of the young specimen can give it information 
about the relative location of its own mouth and the maternal nipple. At 
the same time, they serve to stimulate ejection of milk by the mother at the 
time when the offspring pushes at the papilla mammae. 


We have already mentioned that the foveolae of the vibrissae of the 
bottlenose have a very well developed innervation (Palmer, Weddell, 1964). 
This enables us to consider them as specific receptors for water velocity 
(sort of "speedometers"), as well as possible receivers of low-frequency 
oscillations. To this we should add that the symmetric arrangement of the 
foveolae in the posterior half of the rostrum may provide "angular" percep- 
tion when the head turns. In this case the vibrissal foveolae would be 
the source of information about the angle of the head turn. 


The vibrissae of river dolphins also play an important part in the 
orientation of these animals, especially when the river water is turbid. 
At the same time, observations of the behavior of captive Inia reveal that 
it often resorts to its elongated rostrum to inspect the most diverse 
objects in water, and that it also digs with its snout in the soft silty 
bottom. It may be assumed that in this case too the vibrissae would play 
some part (in addition to receptors concealed in the skin). At any rate, 
the above-mentioned "erosion" of the apex of the vibrissae warrants the 
belief that they are subject to rougher factors than the flow of water 
over them. The presence of tactile Merkel cells in the epidermal crests of 
the dolphin skin indicates that the integument as a whole is well adapted 
for perception of tactile sensations. The typical increase in number of 
such cells in the area of the respiratory orifice and in the perianal region 
is related to the importance of increased sensitivity of these areas for 
exact coordination of actions upon inspiration as well as reproduction and 
nursing (Bel'kovich, 1959a). 


The "cone cells" observed in the epidermis above the dermal papillae 
(see Chapter 2) can apparently be interpreted as specialized structures for 
transmission to the receptors of the dermal papillae of a complex mosaic of 
distribution of the flow-around pressure. This is particularly important 
to whales that inhabit an environment where there is a constant active hydro- 
static pressure (since pressure reception occurs only at the site of pressure 
change and it depends on the rate of deformation of the skin). "Cone cells" 
could play the part of directional receiving and transmitting structures. 
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The existing data indicate that there is a considerable increase in 
innervation of the integument of the head and pectoral flippers (Palmer, 
Weddell, 1964; Khadzhinskiy, 1969). Development of dermal sensibility in 
these areas could be related to the difference in nature of flow around 
them, different pressures of the current of water when maneuvering, captur- 
ing food (snout), when playing with partners and overcoming obstacles 
(flippers). Such diversity of perception of the environment could also be 
implemented by the perfection and accuracy of locomotion. 


The rich and diverse innervation of the integument warrants the 
belief that the skin of whales is a perfect organ for perception of the 
diverse changes in water pressure, tactile and proprioceptive stimuli. The 
latter is particularly important for life under unique gravity conditions -- 
with the possibility of elimination of muscle tone -- one of the important 
proprioceptive sources of information in terrestrial mammals. The innerva- 
tion of the skin also indicates that it can readily detect the early phases 
of onset of turbulence, while the consistent passage of thick (afferent) 
and thin (efferent) nerve fibers together in the sensory nerve endings and 
free nerve endings warrants the belief (Paimer, Weddell, 1964) that efferent 
fibers can increase the sensibility of afferent fibers through modulation. 


Numerous ecological observations confirm the high sensibility of ceta- 
cean skin. When dolphins are kept in captivity, stroking them is one of the 
prodedures to calm an animal down immediately after capturing it and when 
training it. River dolphins are obviously pleased when they are stroked or 
scratched, they try to rub against the individual or they turn some part of 
the body toward him (head, throat, belly) to be stroked (Lilly, 1961, 1967). 
According to the animal's behavior, the strong sensations arise when the 
ventral parts of the body are touched (belly, throat), and the anterior edge 
of the flippers (which coincides with the morphological data). In captivity, 
games occupy a large part in the life of dolphins: those involving stimula- 
tion of dermal sensibility as manifested by multiple, repeated contacts 
with the snout, side, belly, or flipper to some part of the partner's body, 
cross-over swimming together, etc. Many authors tend to consider this a 
manifestation of sexual behavior; however, this is apparently not always 
true (Bel'kovich, Krushinskaya, Gurevich, 1969), since it could also be one 
of the forms of sociability and distinctive conditioning of dermal sensi- 
bility, when swimming is restricted in captivity, that increases invalue. An 
interesting observation was made by J. Layne and D. Caldwell (1964) that in 
some cases the penis can be used to "feel" some objects in the tank. 


We do not yet have any quantitative criteria to assess the dermal 
sensibility of cetaceans. However, from our observations in captivity, we 
can conclude that overexcitation (satiation) occurs within 4-7 minutes. 
This is manifested by the fact that the dolphin swims away and returns in 
3-10 minutes. At the same time, animals can play with one another without 
interruption for 10-15 minutes at a time, after which they separate for 
some time (occasionally 10-30 seconds). 
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There are quite a few such observations, and they all indicate that 
the area of dermal perception of cetaceans is closely related to the emo- 
tional sphere. This is confirmed not only by the fact that dolphins can be 
calmed down and tamed by stroking them, but also the extreme overstimulation 
[overexcitation] as a result of prolonged and persistent action on the part 
of humans, which could also be manifested by the aggressive behavior of a 
captured animal (Lilly, 1961). 


We know that in man long mechanical stimuli delivered to the skin 
and short but strong stimuli induce a decrease in sensibility of dermal 
receptors. As an example, we could mention the rise in threshold of pain 
sensitivity when man swims under water or the screening of pain from an 
injection by a blow with the hand. Superliminal stimuli elicit in dolphins 
the same temporary loss of pain sensibility as in man. We checked this 
many times when treating animals and injecting antibiotics and vitamins 
to them. As for long stimuli delivered to their dermal analyzer, appar- 
ently the natural stimuli cannot lower the perception threshold. 


Since, according to morphological data, innervation of the cetacean 
integument is superior to that of man, it may be assumed that the quanti- 
tative criteria of dermal sensibility of these animals would at least not 
be worse than in man. To obtain a general idea about this, it would be 
interesting to submit some information on the perception capabilities of 
man (Lomov, 1966). 


The vibration sensibility of the human skin extends from 1 to 10,000 
hertz with an intensity threshold in the range of 200-250 hertz and capacity 
to differentiate between oscillations differing in amplitude by only 1 mm 
and in frequency by 2.5-8%. In a marine environment, even such sensibility 
could enable cetaceans to perceive acoustic signals by means of the dermal 
analyzer (particularly infrasounds), and this is an important circumstance 
that broadens considerably our conceptions of the possible mechanisms of 
sound perception in these animals. 


Human tactile sensibility is highest on the distal parts of the body; 
the range of perception for the fingertip extends from 3 to 300 grams/sq mn, 
with a discrimination threshold of 7%, time threshold of 20-50 milliseconds, 
and spatial threshold of 2.2 mm. Even a simple transfer of these data to 
cetaceans enables us to state with certainty that the tactile sensibility 
of their integument implements well contact localization of food, “becoming 
acquainted" with different objects in water or at the bottom, as well as 
information about the nature of water flow. 


Man's temperature sensitivity is characterized by an absolute thresh- 
old of 0.2° for thermal receptors and 0.4° for cold receptors; the differ- 
ential threshold is on the order of 1°, and the latency period is 0.25 sec. 
We also know from studies of man that different types of receptors are 
unevenly distributed on the skin's surface, while the number of cold recep- 
tors is usually greater than that of thermal ones. Perhaps, this will also 
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be found to apply to cetaceans. Although, living in a marine environment, 
they do not encounter such sharp temperature jumps in different seasons and 
at different times of the day, analysis of the water temperature is defin- 
itely important in orientation and diving. 


Pain sensitivity may be characterized according to the lower thresh- 
old of pain perception (0.2 g/sq mm for the human cornea, 20 for animal 
skin, and 300 g/sq mm for the fingertips. Pain sensitivity is also character- 
ized by a long latency period (mean of 0.37 second) and a 3-hertz frequency 
of merging of discrete stimuli. It would be interesting to check these 
data on cetaceans. 


Pain sensitivity is best developed in man in areas that have few 
tactile receptors, and it is biologically the opposite of tactile sensi- 
tivity. Pain elicits a protective reaction and tactile sensations elicit 
orientation reactions. In view of this, it may be assumed that the typical 
orientational and protective behavior of dolphins is induced by exception- 
ally high dermal sensitivity in the area of which sudden acoustic or hydro- 
dynamic stimuli of high intensity induce superliminal sensations (of the 
pain type). Hence the distinctions in manifestation of their higher nervous 
activity in orientation and protective behavior. 


In this regard it is interesting to stress the well-developed tri- 
geminal and facial nerves of cetaceans (see Chapter 9), which provides addi- 
tional evidence in favor of the importance of tactile reception of the integu- 
ment for all cetaceans. It is interesting to note that even in the ancestors 
of contemporary whales, zeuglodonts and some squalodonts, there was good 
development of the trigeminal nerve (Kellogg, 1928), and this could also be 
attributed to the importance of dermal reception to them. We are not able 
to judge the development of receptors in the form of vibrissae, dermal 
processes, or nerve endings immersed in the integument of cetacean ancestors, 
but paleontological data are indicative of the unchanging significance of 
dermal reception and its importance to cetaceans at all stages of their 
evolutionary development. 


In this same regard, we could mention the discoveries made in recent 
years pertaining to the presence of vibrissae on the integument of a number 
of reptilian fossils. These findings are apparently indicative of indepen- 
dent development of superficial hair and sensory system of vibrissae, and 
it allows us to consider the cetacean vibrissae as special independent sense 
organs rather than vestiges of hair covering that had been well developed 
at one time in their ancestors. The dermal analyzer is very ancient. Its 
development in contemporary cetaceans confirms the thesis that it is of 
enormous biological significance to them; its functions cannot be relegated 
either to hearing, echolocation, or vision. 


On the other hand, it cannot be "torn out" of the complex system of 
all sense organs in which each analyzer performs its own specific role and 
all together they enable the organism to react adequately to the world 
around it. 
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Part IIL 


MODE OF LIFE 


In this part of the work, we discuss the main distinctions of cetaceans 
that determine their mode of life: food and feeding, reproduction, distribution, 
behavior, and size, In this same section, we have included a description of 
ectoparasites and endoparasites as a substantial part of the biological environ- 
ment determining many of the distinctions in the living habits of whales and 
dolphins. 
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Chapter 12 


FOOD AND FEEDING 


The food of any animal determines to a large extent its significance 
in the life of a biogeosynosis. The size of the food base determines the 
animal population size, while the distribution of food determines the ani- 
mal distribution and migration. However, nutrition of cetaceans has not 
been fully investigated by far. The direct study of the food of different 
whales is feasible either by analyzing the contents of their stomach or 
by direct sightings and experiments. Of course, this has been done rela- 
tively well with regard to species that have been subject to intensive 
trapping, on the one hand, and those that have been kept in captivity on 
the other hand.* 


There may be a rather considerable quantity of food in the first 
part of the baleen whale's stomach. We know of demonstration of about 
1,000 kg plankton in the stomach of large rorquals (Collett, 1912; Klumov, 
1963); the full stomach of the Bryde whale has been found to contain about 
200 kg of food, the stomach of the sei whale has revealed about 600 kg of 
squid (Betesheva, 1954); about 760 kg of small fish has been found in the 
fin whale stomach (Nemoto, 1959); usually, however, about 100 kg of food 
has been found in the rorqual stomach. 


More precise data about the quantity of food consumed can be cited 
with regard to small toothed whales maintained in oceanariums. For example, 
the bottlenose dolphin consumes 5 to 15 kg of fresh fish daily, the common 
dolphin -- 3 to 10 kg, the porpoise -- about 4 kg. D.E. Sergeant (1969) 
estimated the food coefficient (weight of daily food requirement expressed 
as percentage of body weight), on the basis of similar data, for representa- 
tives of eight dolphin genera. His estimates indicate an inverse correlation 
between the food coefficient and body weight of different species, in young 
and adult representatives of the Delphinidae family. According to these 
data, the food coefficient ranges from 12-13 to 4-6%. For animals weighing 
in excess of 600 kg, it is constant (4-6%). 


*The most complete reports of factual data on nutrition of cetaceans can be 
found in: Tomilin, 1957, 1962; Nemoto, 1959; Klumov, 1963; Berzin, 1970. 
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Data pertaining to gastric contents are found to be interesting not 
only to determine nutrition distinctions. For example, discovery of stones, 
sand, deep-water sponges, the shells of benthic mulluscs (Nemoto, Nasu, 
1960; Berzin, 1959, 1970) is indicative that this species can feed directly 
on the floor of the ocean, and most likely that it actively "plows" the 
floor with its long and strong mandible. Incidentally, stones have also 
been discovered in the stomach of the gray whale, least rorqual, and bottle- 
nose dolphin (Andrews, 1914; Jonsgard, 1951; Kleynenberg, 1956a), i.e., in 
species that are referable to benthoichthyophages and benthophages (gray 
whale). In this regard, we can observe that cetaceans and other large 
animals that move actively over many thousands of kilometers in the ocean 
can also be considered as a "geological factor," as the cause of placing 
fragments of different minerals in areas that are not inherent to them at 
all (B. Yablokov and A. Yablokov, 1959). 


I. Classification of Cetaceans According to Feeding Type 


Various ways and means are observed in cetaceans to obtain the most 
diverse food (from zooplankton to warm-blood animals). Of course, the 
predominant consumption of a specific type of food requires the appropri- 
ate adaptation to search and capture it, i.e., it leaves its imprint not 
only on behavior, distribution, and population size, but also many structural 
features, and first of all the structure of the organs in the mouth. For a 
long time, some investigators have tried to distinguish adaptational types 
of cetaceans related to different foods and to develop a morphobiological 
classification of the entire group (Eschricht, 1849; Kukenthal, 1892; Nemoto, 
1959; Tomilin, 1954; Rovnin, 1969b). The most fortunate classification is 
the one proposed by A.G. Tomilin (1954), which takes into consideration not 
only the nature of the chief food and means of obtaining it, but also 
morphology of the buccal organs. A.G. Tomilin (1954) distinguishes two main 
groups of cetaceans: those that grab their food, the jaws of which are 
equipped to some extent or other with teeth and are adapted for capturing, 
holding, and even tearing food, which is swallowed one piece at a time, and 
the "strainers," in which cornified plates with a fringed internal edge 
develop on the maxilla instead of teeth (baleen plates). Minute organisms 
suspended in water are retained by this unique straining apparatus and are 
then propelled by the tongue into the pharynx (see Chapter 5). 


These ecological groups correspond to two suborders of cetaceans 
(baleen and toothed whales) and, evidently, reflect two basically different 
means of adaptation of their terrestrial ancestors to the aquatic environ- 
ment. One of these groups proceeded in the direction of enlargement of 
the oral cavity with gradual replacement of teeth by the baleen systen, 
which is more effective for the consumption of relatively immobile small 
objects; and the other group proceeded toward perfection of motor reactions, 
greater speed in dashing for its prey, which made it more effective for them 
to capture rapidly moving objects and enabled them to search for food in 
the high sea, where the feeding conditions were often found to be more favor- 
aboe (Sleptsov, 1955a; Mchedlidze, 1964). Accordingly, the complexity of 
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nerve organization and forms of behavior of these animals also increased. 

This resulted in wide distribution of toothed whales and enabled them to 
adapt to the most diverse biotypes, ranging from the fresh water of lakes 

and rivers and coastal areas to the vast expanses of deep seas. Incidentally, 
even the relatively inactive and very large "strainers" that have virtually 
no enemies were also able to conquer the oceanswith their rich fields of 
plankton organisms. In spite of the fact that the food of baleen whales 

is of course less diversified than that of toothed whales (the differences 
are referable mainly to the size of plankton), competition for food resulted 
in differentiation of the baleen apparatus. 


Rather complete lists of foods consumed by different cetacean species 
are given in special works. This enables us to discuss only the main 
distinctions of cetacean food. 


A. The "Grabber" Group 


A.G. Tomilin (1954) distinguished eight types of adaptation in this 
group: ichthyophages, benthoichthyophages, teuthoichthyophages, teuthophages, 
sarcophages, river benthoichthyophages, river benthophages, and phytophages. 


1. Ichthyophages 


This adaptation type is referable to relatively small fast-moving dol- 
phins that hunt for fish that travel in schools in the upper layers of the 
sea, usually far from shore. They have long and light jaws equipped with 
sharp and numerous teeth, the number of which is usually about the same in 
the upper and lower jaws (Chapter 4). These are representatives of the 
genera Delphinus, Stenella, Lissodelphis. Ichthyophages can also eat 
cephalopods and occasionally crustaceans, in addition to fish. Inciden- 
tally, crustaceans (at any rate in some cases) were found in the dolphin 
stomach along with fish. There are reports that the common dolphin may 
hunt at a depth of 120 meters, and the right whale dolphin (Lissodelphis 
borealis) at a depth of 250 meters. Curiously enough, agcording to these 
data, two species of Stenella feed at different depths in the same region: 
Stenella graffmani does not dive to more than 30 meters from the surface, 
whereas S. longirostris can dive to a depth on the order of 250 meters to 
capture fish (Fitch, Brownell, 1968). 


2. Benthoichthyophages 


A rather large group of dolphins (Sotalia, Tursiops, Lagenorhynchus, 
Phocoena, Phocoenoides, Neophocoena, Delphinapterus, Orcaella, Pontoporia) 
keeps to the coastal part of the ocean, where they usually find rather 
diverse benthopelagic food at relatively shallow depths. 


Benthoichthyophages on the whole are characterized by fewer teeth 
than typical ichthyophages (usually no more than 120 in both jaws), which 
are short, and occasionally they even have a barely visible beak. As com- 
pared to ichthyophages, they can hold their breath for a longer time. 
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In addition to benthopelagic fish and invertebrates, benthoichthyo- 
phages can also consume pelagic fish in the upper layers of water. This 
combination (and sometimes total replacement) of benthonic and pelagic 
food can be illustrated on the example of the porpoise. Occasionally, the 
chief food of this species in the Atlantic is herring and mackerel, with 
addition of sardines, sprats, eel, cod, as well as crustaceans (Decapoda) 
and cephalopods. It is difficult to determine from these data whether 
there is prevalence of benthopelagic or pelagic food in the diet. In the 
Black and Azov seas the main food of the porpoise definitely consists of 
benthopelagic fish (mainly bullheads) for most of the year. But in the 
spring and fall, the porpoise turns entirely to anchovies, which form 
dense accumulations at these times of the year (Kleynenberg, 1956a). Such 
flexibility with regard to food is also typical for other representatives 
of benthoichthyophages, determining a very broad spectrum of food. In 
first place with regard to diversity of organisms consumed is apparently 
the beluga (best studied of the species in the group in question), whose 
diet, in our northern waters alone, has been found to consist of about 100 
organism species. Among them are river and salt water fish (benthopelagic 
and pelagic), cephalopoda, gastropoda, lamellibranchia, crustaceans and 
worms, even jellyfish and algae (Geptner, 1930; Kleynenberg et al., 1964). 


Some species of Sotalia that consistently inhabit fresh water evidently 
feed on fish and copepoda [or small crayfish] and in all probability could 
also be referred to benthoichthyophages (although perhaps it would be more 
logical to call them river benthoichthyophages, see below). Other represen- 
tatives of this type are encountered in rivers, estuaries, and at sea. In 
our opinion, because of the lack of detailed information, it is not possible 
to make a judgment as to their adaptation type according to preferred food. 
For the most part these are small dolphins (1.2-5 meters long), resembling 
the bottlenose but with more teeth and a rather long rostrum. 


Pontoporia is also a benthoichthyophage; there is rather fragmentary 
information concerning its feeding habits. However, its long, thin rostrum 
covered with numerous fine and sharp teeth, the number of which is the same 
on the maxilla and mandible, bears little resemblance to the rostrum of 
typical benthoichthyophages. It is adapted more to capture and hold small, 
mobile, and apparently soft food. 


Dall's porpoise must be excluded from this group. The main food of 
this species is fish that travel in schools and cephalopoda. In Japan, 
California, and Alaska, the main food consists of fish traveling in schools 
and to a lesser extent squid. Teuthoichthyophagia evidently corresponds 
best to this type of nutrition. 


3. Teuthoichthyophages 


This adaptation type of toothed whales includes the ocean or coastal- 
oceanic forms that feed on cephalopoda and fish and that have adaptation fea- 
tures referable to both kinds of food, for example, Dall's porpoise. How- 
ever, the most typical representative of this group is the pilot whale. 
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Its main food (and in some areas its only food) consists of squid. Fish 
traveling in schools serve as an additional food: cod, herring, apparently 
tuna [Thunnus thynnus] (flounder bones have also been found), and rarely 
crustaceans (Sergeant, 1963; Caldwell, Erdmann, 1963). 


There are also "questionable" forms in this group, for example, 
Tasmacetus. This representative of the Hyperoodontidae family is character- 
ized by numerous functional teeth and, according to all findings, it is not 
a pure teuthophage like the other representatives of this family, rather it 
is a teuthoichthyophage. 


4. Teuthophages 


These species feed chiefly on squid and to a lesser extent on fish. 
Of course, other objects may also be found in their food (for example, 
erustaceans, sea-cucumbers, and starfish), but they do not have great 
significance. 


The adaptive features reflecting the prevalence of cephalopoda in 
their diet are more marked than in the preceding group: all teuthophages 
present impaired interaction between the upper and lower teeth, there is 
a sharp decrease in total number of teeth, especially in the maxilla. All 
teuthophages are excellent divers and are able to catch their food at 
considerable depths. Representatives of the Hyperoodontidae family (with 
the exception of Tasmacetus) and Physeteridae, as well as Grampus and 
Monodon, present refined adaptation features of teuthophages. 


5. Sarcophages 


This adaptation type is represented by one species of the Delphinidae 
family: the killer whale (Orcinus orca). The killer whale is notable for 
well-developed jaws with frontally flattened strong teeth. The enormous 
pectoral flippers apparently help perform abrupt dashes in water when the 
killer whale tears large prey apart. The lower jaw apparently moves in 
the horizontal plane in addition to the vertical (Caldwell, Brown, 1964). 
The main food of this species is fish and squid, but the killer whale also 
attacks mammals: cetaceans, pinnipeds, carnivora (sea otter), and even 
birds. In any book on cetacean biology we can encounter the "classical" 
case of finding the remnants of 13 porpoises, four seals in the stomach 
and one seal stuck in the throat of one killer whale (Eschricht, 1862). 
For this reason the name of killer whale was firmly established for this 
species. Nevertheless, warm-blooded animals are not the primary food of 
this species. Nishiwaki and Handa (1958), on the basis of examining a 
large number of killer whale stomachs obtained over a period of 10 years 
in the waters of Japan, arrived at the conclusion that fish is first in 
the diet of these animals, followed by squid, and only in third place are 
there small seals and dolphins. Ye.I. Ivanova (1961f£) discovered only the 
residue of fish and squid in the stomachs of 21 killer whales caught in the 
region of the Kuril Islands. Remnants of cetaceans and pinnipeds were 
found in only seven out of 17 examined killer whale stomachs obtained in 
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1959-1960 in the waters of the Kuril area (Berzin, Borisov, unpublished 
data). On the whole, there is much justification for calling killer whales 
ichthyoteuthosarcophages 


6. River Benthoichthyophages 


This group includes the fresh-water dolphins of the genera Lipotes, 
Inia, and perhaps some species of the genus Sotalia. 


Their biology has been barely studied. Evidently, benthopelagic fresh- 
water fish is their main food. According to some information, Inia even 
attacks the piranha, known for its viciousness (Slijper, 1962). In captiv- 
ity, this dolphin ate smelt, and occasionally it preferred fresh-water cat- 
fish to it (Layne, Caldwell, 1964). 


Plant roots (perhaps ingested along with fish) have been found in the 
stomach of Inia (in addition to fish, gastropoda, and lamellibranchia 
molluscs). 


7. River Benthophages 


They are represented by the gangetic dolphin (Platanista), which, 
according to the sparse data, feeds on fresh-water benthonic fish and copepoda, 
which he finds at the silty bottom (Normann, Fraser, 1948; Walker, 1964). 


8. Phytophages 


As we have already indicated, A.G. Tomilin (1954) referred to this 
adaptation type Sotalia teuszi and tentatively Pontoporia. Evidently this 
was done on the basis of reports of finding plant residue in the stomach 
of a specimen from the Cameroon River. However, in the first place, these 
objects could have reached the dolphin stomach along with the stomachs of 
fish; in the second place, in 1958-1959, several specimens of this species 
were obtained in the estuaries of rivers in Senegal; nothing was found in 
their stomachs except fish (Walker, 1964). 


There are no conclusive data concerning the predominant plant diet 
of these species; furthermore, it is generally difficult to conceive of a 
phytophage dolphin and of adaptation distinctions consistent with such a 
diet. According to all signs, they are apparently essentially ichthyophages. 


B. The Strainer Group 


This ecological group includes the following adaptation types: micro- 
planktophages, macroplanktophages, and benthophages (Tomilin, 1954). 


2904s 


1. Microplanktophages 





The adaptation features of this type are the highly elastic baleen 
plates with a thin fringe forming the straining system, which is convenient 
for feeding on very small pelagic organisms (Calanus, Thysanoessa, Limacina, 
Clio). The size of the mouth is increased due to elongation and flexion in 
the sagittal plane of the rostral skull bones. These features are typical 
for all right whales (Balaenidae). When they eat, they do not make abrupt 
grabbing movements, they swim for a long time at the surface as if to remove 
the film of fine plankton on it, and probably only when enough food has 
accumulated on the fringe do they close the mouth and swallow it (‘continuous 
straining [or filtering]'"' method; Klumov, 1961; Nemoto, 1959). In the 
Northern Hemisphere their main food consists of fine crustaceans and sea 
butterflies (Figure 184). In Antarctic waters they feed on large crustaceans. 


Figure 184. 
One of the most common plankton 
crustaceans encountered in baleen 
whale diet: Thysanoessa longipes 
(Nemoto, 1957) 





2. Macroplanktophages 





These are whales with coarser baleen system than right whales. The 
baleen plates are relatively shorter and less flexible, with thicker bristly 
fringe. The size of the buccal cavity increases when capturing food due to 
distension of pharyngeal and abdominal folds; the right and left rows of 
baleens are connected anteriorly by means of numerous hornified bristles 
{rods]. This adaptation type of baleen whale includes all the rorquals 
(Balaenopteridae). They feed on larger pelagic crustaceans such as 
Thysanoessa, Meganictiphanes, Calanus, Euphausia, and others, as well as 
small fish that travel in schools (the latter is observed least often for 
the blue whale). It was noted that the larger the whale, i.e., the longer 
its baleen plates, the more unvaried its diet (Mizue, 1951). 


All rorquals use the method of "portion" straining: as soon as the 
mouth is filled with water, this portion is strained through. In most cases, 
especially when they feed on school fish, they perform abrupt thrusting motions, 
turning the trunk about the long axis. Among the rorquals, only the sei 
whales can use the method of portioned and continuous straining. 


3. Benthophages 


Benthophages are characterized by a coarse baleen system with inflex- 
ible thick, short, coarse, and relatively sparse plates with thickened rod- 
like fringe. The rows of baleen are not interconnected in front (as in micro- 
planktophages). Gray whales (Eschrichtidae) are the only representatives of 
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this type. In some manner they scoop up the silty ground and strain the 

food through the baleen plates. Benthopelagic amphipods, polychaeta, hydroid 
polyps, groups of Buccinum molluscs, and algae have been found in the 
stomachs of these animals. 


II. Some Distinctions of Cetacean Nutrition 


Without going into the entire vast area of questions related to the 
study of cetacean nutrition, let us discuss some that are particularly impor- 
tant in our opinion: flexibility in choice of food, differentiated food 
according to season, area, and daily intensity of feeding. 


A. Flexibility of Diet 


From the above survey of adaptation types of cetaceans and the descrip- 
tions of the structure of the mouth (Chapters 4 and 5), it is apparent that 
the structure of the jaws, teeth, or baleen system, which, it would seen, 
characterize rather distinct adaptation to specific food, is found to be 
quite suitable for feeding on other objects as well. In other words, each 
species presents some degree of ecological (in this instance alimentary) 
flexibility. As a result of such flexibility, and often simply because 
there is not enough information about the diet of different species, it is 
rather arbitrary to classify an animal in a given adaptation type. Evi- 
dently, flexibility in the choice of food reflects the principle of a 
combination of specialization features and nonspecialized features of the 
digestive system (Vorontsov, 1961, 1967) that leave it up to the animal 
(even one that would appear very specialized at first glance) to become 
respecialized or despecialized, which leads to its survival when feeding 
conditions are altered. We cited above an example of replacement of ben- 
thonic diet by pelagic diet at certain times with reference to the porpoise 
inhabiting the Black and Azov seas. The same change in diet is typical for 
the bottlenose dolphin and some other cetaceans. For example, the beluga 
is a typical benthophage inhabiting coastal shallow areas. It has the adap- 
tation features of a "grabbing" system consistent with its diet of diverse 
benthopelagic forms in shallow water. However, in the Barents and Karsk 
seas, it feeds chiefly on mesopelagic Boreogadus saida. 


The coastal mode of life developed through evolution has left a deep 
imprint on several other adaptive distinctions of the organisms related to 
reproduction, thermoregulation, ete. The diversified food, which is, how- 
ever, subject to marked seasonal fluctuation and generally not large in 
quantity, determines the regulation in number of representatives of this 
species capable in principle of feeding on the most diverse food. 


We have already noted that it is not always pessible to draw a dis- 
tinct line between teuthophages and teuthoichthyophages. Cephalopods and 
fish, or fish and cephalopods, are the diet of both. In many cases, it is 
not easy to determine which food is preferred (for example, by Tasmacetus 
and Monodon). The very concept of "preferred food" turns out to be quite 
relative. For example, W. Kellogg (1962), in describing experiments to 
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determine echolocation capabilities with regard to discrimination of objects 
by the bottlenose dolphin (see Chapter 10), used two types of fish of differ- 
ent size for these purposes. Leiostomus xanthurus was the preferred fish. 
This species is not the usual food of the bottlenose, whereas the second 
species (Mugilcephalus) is the favored food of bottlenose dolphins in the 
Black Sea, near the shores of Tasmania and Australia. Direct observations 
in oceanariums reveal occasional and rather sharp changes in the "taste" 

of the experimental animals. Thus, horse mackerel is not the predominant 
food of the bottlenose dolphin (Kleynenberg, 1956a), but in captivity this 
dolphin prefers it over sprats, mullet, and others. However, after a few 
days of starvation, the animal sometimes switches to the "unfavorite" 

types of fish. On the whole, the preferred food of toothed whales is the 
type that is available and abundant at a given time and in a given area. 


Equally amazing examples of flexibility in choice of food can be 
found with reference to baleen whales. The baleen system is adapted for 
straining fine objects (zooplankton) out of water; however, in many cases, 
it is also quite suitable to capture rather large and fast-moving objects 
(fish and squid). In this regard, the largest baleen whales (right whales, 
and the blue whale among rorquals) are the greatest stenophages. Further- 
more, while in the Northern Hemisphere the distinctions of the baleen system 
could be related to differentiation of different Mysticeti species with 
respect to food of different size, in the Antarctic all of them (even micro- 
planktophages) feed primarily on large (which are abundant here) crustaceans -- 
Euphausia superba. One of the explanations for this phenomenon is that these 
cetaceans originate (or undergo primary alimentary specialization) in the 
Northern Hemisphere (Tomilin, 1954). Perhaps, we still do not know all of 
the feeding distinctions of cetaceans. This is indicated by the report of 
a porpoise that “sucked in" fish (Tomilin, Morozov, 1969). 


In this same regard, there are some interesting discoveries of ceta- 
ceans with severe disturbances in structure of teeth and baleen system. For 
example, we know of repeated sightings of sperm whale with fractured or con- 
genitally deformed mandible. There could be no question at all of any normal 
functioning of teeth in such cases. Yet these animals were well nourished 
and reached normal dimensions (Berzin, 1970, and others). 


B. Changes in Feeding Habits as Related to Area and Season 


The flexibility of choice of food is definitely the basis for some 
facts pertaining to changes in feeding habits of a species in different 
areas and in different seasons or years. We shall consider a few typical 
examples. 


In the North Atlantic (Gulf of St. Lawrence), the common food of the 
beluga consists of capelin, sand eels, cod, bullheads, and flounder; in the 
White Sea it consists of flounder, herring, capelin, sand eel, cod, haddock, 
and polar cod; in other northern seas of the USSR the food consists of nor- 
thern cod, capelin, saffron cod, herring, and sand eels; in the far eastern 
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waters, in first place as beluga food is salmon, followed by herring, saffron 
cod, flounder, and smelt. 


The food of beluga differs in the same area in different years and 
at different times of the same year. Thus, the time at which beluga comes 
close to Dixon Island may be related either to approaching capelin (Geptner, 
1930) or appearance of polar cod. In June and July beluga in the Gulf of 
St. Lawrence feed aimost exclusively on capelin; in August and September, 
on sand eels and flounder. Here, the beluga consumes worms and cephalo- 
pods ail summer, but they become an important food component only in August 
and September. 


Many authors observe a change in diet related to the age and sex of 
whales (Arsen'yev, 1936; Sergeant, 1962a, and others). Probably, the diet 
is differentiated only in cases when a specific food is not available to 
some age (sex) groups. The diet according to season in different areas, as 
related to sex and age of the largest toothed whales, sperm whales, has 
been well studied. In Japanese waters, fish is encountered in approximately 
6% of the whale stomachs (Mizue, 1951); near the Azores it is encountered 
in 14%, and in the Arctic in 13% of the stomachs (Caldwell et al., 1966); 
in the waters surrounding the Kuril Islands, fish has been encountered in 
different years in 12-30% of the stomachs (Betesheva, 1961). In Olyutorskiy 
Bay and adjacent waters on the Koryakskiy coast, squid was found along with 
fish in 35.7% of the stomachs, and only fish in 28.6% (Berzin, 1959, 1970). 
In 1963, fish was found even more often in sperm whale stomachsthan squid 
(Okutani, Nemoto, 1964) in the Gulf of Alaska. While in the region of the 
Kuril Islands most (60-80%) of the cephalopods found in the sperm whale 
stomach in different years consisted of representatives of the Gonatidae 
family (Betesheva, 1961; Tarasevich, 1965), in the Bering Sea and Gulf of 
Alaska there were mostly Moroteuthis robusta (Okutani, Nemoto, 1964). In 
the waters of the Gulf of Alaska, near the Aleutian Islands, and in the 
Bering Sea, the main food of male sperm whale consisted of psychrophilic 
deep-water forms of cuttlefish and deep-water fish. The diet of sperm whale 
is the most diversified in the spring. For female sperm whale, in addition 
to eurythermal and cold-loving small forms, thermophilic forms are very 
important in the diet (they play a secondary part in male diet). Thus, the 
females are limited to relatively shallow and warmer waters, but their 
feeding capabilities are broader due to the increased consumption of cuttle- 
fish (Tarasevich, 1965, 1968a, b, and others). 


There is similar information concerning changes in the diet of baleen 
whales. Thus, in the Bering Sea, Bering Strait, and Sea of Chukotsk, the 
main food of gray whales consists of benthonic [benthopelagic] crustaceans; 
in the Yellow Sea (in May) small crustaceans, Nephros thompsonii, and in 
the waters near Northern California (July) -- Euphasia pacifica. While the 
sei whale feeds almost exclusively on crustaceans in the North Atlantic, in 
far eastern waters it feeds on fish and cephalopods (additionally). Evi- 
dently, whales can compete for food. For example, in the Antarctic and 
North Pacific the humpbacks have fuller stomachs than fin whales and sei 
whales. No doubt, the distribution of ecological (alimentary) niches was 
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formed in the ocean long ago, and there is no real competition presenting a 
serious threat to the existence of any one species. The joint search for 
food in specific waters is apparently related to an abundance of available 
food. 


C. Daily Feeding Rhythn 


We know that planktonic and nonplanktonic organisms migrate not only 
horizontally but also vertically. Many of them are characterized by changes 
in place and depth of habitat according to season and in different ontogen- 
etic periods. For example plankton performs a regular daily migration 
from superficial layers of water (at night) to deeper ones in the daytime. 
Of course the consumers of zooplankton in the pursuit of food should also 
migrate similarly, or else feed only during specific hours of the day in 
the accessible layers of water. 


The mass-scale development of the primary ocean producers -- photo- 
synthesizing organisms, phytoplankton, and chemosynthesizing groups of bac- 
teria -- is related to the quantitative and qualitative composition of sea 


water and solar radiation. Consistent with the place and time of formation 
of accumulations of primary collectors of energy, there is also a concen- 
tration of the first link in the food chain -- first-order consumers (zoo- 
plankton). The behavior of zooplankton is directly (for baleen whales) 

or indirectly (for toothed whales) related to feeding activity of whales 

over a 24-hour period -- daily feeding rhythm (Nemoto, 1959, and many others). 
If zooplankton remains at an accessible depth at a given time and in a given 
area, baleen whales can feed at any time of the day; if they are at a greater 
depth, the baleen whales can feed only by adapting to the daily migrations 

of zooplankton. Similarly, dolphins that consume fish are related to the 
vertical migration of zooplankton. Only large sperm whales can submerge 

to very considerable depths (more than 1,000 meters), and they are less 
dependent on the daily vertical migration of fish or squid. 


These general considerations are well confirmed by direct observations. 
Thus, feeding activity increases in the morning and evening for baleen 
whales that consume Euphausia (Nemoto, 1959; Pervushin, 1966). In shallow 
waters, feeding activity is also high in the daytime. Baleen whales eat 
squid in the morning and evening also, but they consume Calanus plumchrus 
only in the daytime on the surface of the water. It is interesting to 
note that female bottlenose dolphins maintained in captivity for several 
years and trained to feed by the "self-service method" also show some 
periodicity in feeding, and are more active in the morning and evening 
(Evans, Bastian, 1969). Perhaps, in addition to availability of food at 
a specific time of day, the animal's activity may also be influenced by other 
factors, for example temperature.* In the Black Sea, the bottlenose eats 


*According to the data of M. Nishiwaki and S. Handa (1958), killer whales 
are the most active at a water temperature of 20-25°; they become listless 
at temperatures of 10-17°. 
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at night and in the late morning. The diet is more diversified in common 
dolphins captured in the morning than those caught in the daytime; evidently 
the animals eat more intensively in the morning (Kleynenberg, 1956a). 

D. Sergeant (1962a) observed pilot whales feeding in the daytime near the 
shore. The animals remained there at night also, apparently hunting for 
squid. This was confirmed by examining the stomachs of pilot whales caught 
in the morning 0700-1100 hours). On the other hand, there are observations 
indicating that pilot whales first ate only at night and slept in the day- 
time when first kept in an oceanarium (Kritzler, 1952). 


In the Antarctic, the sperm whale feeds mainly in the early or late 
hours of the day when the squid comes up to the surface. But in the Bering 
Sea, where the sperm whale can dive to the bottom, such a daily feeding 
rhythm is not observed (Okutani, Nemoto, 1964). 


D. The Place of Cetaceans in the Trephic Chains of the Ocean 





Cetaceans inhabit the sea,and their behavior is related to its other 
inhabitants. Cetaceans that have virtually no enemies close either long 
food chains (toothed whales) or both long and very short ones (baleen whales). 


A.G. Tomilin (1970) made an attempt to assess quantitatively the 
daily food consumption of all cetaceans of the Pacific. If the individual 
daily norm of food is considered to constitute 5% of body weight [as we 
have already stated above, this is exactly the food coefficient count for 
many large cetacean species according to the data of D. Sergeant (1969), 
and similar values are cited in the earlier studies of A.G. Tomilin (1946) 
and S.K. Klumov (1963)], we find that all baleen whales daily consume about 
170,000 tons of food, sperm whales -- about 450,000 tons, and the other 
cetaceans -- about 1,700,000 tons of food (Tomilin, 1970). Of course, 
these are approximate estimates, since we do not know the exact number of 
dolphins in the Pacific (the number of large whales is better known), nor 
do we know to what extent it is valid to extrapolate the food coefficient 
of "five" to all cetacean species, etc.; however, one can consider that the 
range of the figures obtained (over 2 million tons of food per day) is close 
to the true one. 


Unfortunately, the question of cetaceans as a link in trophic chains 
is investigated very inadequately. There are no precise quantitative data 
concerning the flows of substance and energy transformed by whales in water, 
nor are there any data concerning changes (impaired balance) in natural 
biogeosynoses due to the mass extermination of cetaceans in the Pacific. In 
the very broadest features, it may be assumed that as a result of exterminat- 
ing large baleen whales and sperm whales, which are rather important links 
in the food chains of the ocean, there will be simplification and inevitable 
destabilization of links in the biological cycle of some parts of the ocean. 
The sharp fluctuation in number of fish, squid, and plankton is a possible 
result of such destabilization. At present, it is difficult to predict the 
level and time at which stabilization in number in different links of new 
food chains will occur without whales in the ocean. 


kK K 
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Of course, in this chapter we were able to discuss only briefly 
some general questions related to the food and feeding of different ceta- 
cean species and to cite only some of the information in the literature. 
There are profound and constant differences between the nutrition of baleen 
and toothed whales. Although we identified them as essentially belonging 
to utterly different ecological groups and thereby to substantially differ- 
ent links in the food chains of the ocean, it is important to stress, in 
the first place, that there is enormous trophic flexibility in virtually all 
the cetacean species studied in this respect, and, in the second place, there 
is a link between nutritional distinctions and age and sex of the specimens, 
season, area, time of day, and other factors. In the light of this state- 
ment, it is quite obvious that the prevailing conception of homogeneous 
nutrition of whales (reflected even in the name, for example, of the sei 
whale) should be abandoned. 


The complexity of cetacean nutrition determines the complexity of 
their inevitable place in the future in the flows of energy of marine bio- 
geosynoses, without which it would be impossible to implement scientific 
organization of rational exploitation of the Pacific Ocean. 
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Chapter 13 


REPRODUCTION 


Questions related to distinctions of reproduction are among the most 
important ones in studying commercial cetaceans, since replenishing the herd 
and, consequently, the nature of the whaling load when there is rational 
Management of whaling should be well balanced. On the other hand, the distinc- 
tions of reproduction in the aquatic environment that is not inherent to most 
mammals helps us gain deeper understanding of the nature of cetacean adapta- 
tion to living in water. 


Since we submit, in this book, a comparison of biological distinctions 
of entire groups of cetaceans, this relieves us of the necessity of discussing 
in detail the specific data on reproduction of each of the species studied 
(there are very many such data in the special literature; see surveys by Laws, 
1961; Sergeant, 1962b; Kleynenberg et al., 1964; Slijper, 1966, and many others). 


A. Mating 


The fibroelastic type of penis in cetaceans (see Chapter 8) is the 
reason for relatively rapid copulation: copulation does not last more than 
30 seconds (usually a few seconds) in whales and dolphins. In the humpback, 
true rorqual, sperm whale, and beluga, instances have been described of copul- 
lation at the surface, in vertical position, bellies close together (Degerbol, 
Nilsson, 1930; Slijper, 1962, 1966). But, according to other and more numerous 
observations of rorquals, gray whales, cachalot, and many dolphin species, 
during copulation the partners are in horizontal position in the water, on their 
sides (Slijper, 1962). 


Thus, copulation may occur in virtually any position: the male may be 
under the female, the dorsum down (Figure 185), both animals may be swimming on 
their sides; finally, there are known cases of the partners being in vertical 
position. 


According to the diversity of sexual play (see Chapter 15), it may be 
that there are also other forms of ‘Copulation, not yet known, in the dolphin. 


Copulation is preceded by lengthy love play, usually ending with 


various sorts of contacts with one another with different parts of the body. 
Either the male or female can be the initiator of such play. As demonstrated 
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by observations, erection occurs rapidly, and the penis readily penetrates 
into the vagina (either half-way or completely). Ejaculation occurs immedi- 
ately; slight penile thrusts are observed (not in all dolphin species) either 
during ejaculation or prior to intromission, or some time after copulation. 
Copulation may be repeated after a few minutes. According to observations in 
captivity, maximum sexual activity is seen at night or in the early morning 
hours (Brown, Norris, 1956). 


Figure 185. 
Diagram of one of the positions assumed 
by Orcinus orca during copulation. From 
a photograph taken from an aircraft 
(Nishiwaki, Handa, 1958) 





B. Gestation Period 


As noted by G. Guldberg (1894), Aristotle was probably the first investi- 
gator to correctly determine the duration of the gestation period in cetaceans 
(10 months for the dolphin). Current data on the gestation period for different 
cetacean species are given in Table 57. 


It is apparent from the submitted data (in spite of some divergence in 
the views of different researchers) that gestation lasts somewhat less than 1 
year in most baleen and toothed whales. 


There are some exceptions to this general rule: gestation lasts about 
16 months in the sperm whale, pilot whale, and, perhaps, the killer whale; it 
lasts about 9 months in Stenella, porpoise, and pygmy sperm whale. Incidentally, 
while these figures are apparently quite justified for the sperm whale, with 
reference to other toothed whales they are based on relatively sparse data and, 
perhaps, they will be found to be erroneous. It is only when data are obtained 
for these species in sufficient quantity to plot on a circular graph with a 
continuous spiral of monthly development (Figure 186) that we shall be able 
to derive precise conclusions as to gestation period. 


C. Age Determination in the Embryo 


J. Fraser and A, Huggett (1959) demonstrated the specific, absolute 
rate of embyronic growth in each cetacean species: both the 2,000-kg blue 
whale and the 6-kg porpoise develop in 10-11 months of intrauterine life. 


M. Hinton suggested in 1925 and somewhat later S. Risting (1928) 
perfected an empirical method of determining the age of baleen whale embryos. 


- 333 -_ 


Later on, this method gained wide use in studies of embryonic development of 
baleen whales (Mackintosh, Wheeler, 1929; Zenkovich, 1935; Matthews, 1937, 
1938; Zemskiy, 1958; Ivashin, 1959}, sperm whale (Matthews, 1938), and beluga 
(Vladykov, 1944; Doan, Douglas, 1953). The method of age determination of 
toothed whale embryos can be based on the following assumptions. 


Table 57. Gestation period for some Cetacea 











Genus Gestati 
a aoteane species mothe Avrop Author 
a 
bout 
Platanista Oxono 12 Asdell, 1°64 
Del phinus Orono 14 Tomumm, 1957, Tomilin 
Stenella Orono 9,5 McBride, Kritzler, 1954 
Tursiors truncatus Orono 12 Kneiinencepr, 1956a Kl eynenberg 
Lagencrhynchus obliquidens 40 Guldberg, 1894 
Phocoena 9-10 Tor me Same 
Globicephaia melaena 45-16 Sergeant, 1962a 
Orcinus 44—12 Guldberg, 1894; Harrison, 1960 
Pseudorca 42 Comrie, Adam, 1938 
Neophoeaena 40—12 Harrison, 1939 
Del phina pterus 44,5 Haetinendepr, A6noxop, 1960 Kleynenberg, Yablokov 
Kogia 9 Allen, 1944 
Physeter 45-17 Oshuml, 1965 
Berardius 10 Oniura et al., 1955 
Hypereodon 42 Ohlin, 1893 
B. mu: culus 40,544 Mackintosh, Wheeler, 1929 
B. physalus 14 4 Laws, 1961 
B. boreatis 44-12 Harrison, {969 
B. acutorostrata 40—44 Harrison, 1969; Omura, Sakiura, 1956 
Megaptera 40~12 aM et Chittleborough, 1958; Ivashin 
Eschrichtius 42 Gilmore, 1960 
Balaena : 10 Slijper, 1962 








1. The embryonic period ("prefetal") ends by the 35th-45th day. At 
this time the external genitalia are formed (the beluga embryo is about 4 cm 
long at 45 days). 


2. Gestation period lasts about 11.5 months. 


3. Fetal growth is not uniform and its development can be arbitrarily 
divided into three periods: starting in the 2nd month of gestation, the 
length of the fetus increases by 1.5-2 times each month for the 3rd and 4th 
months; then there is a sharp increase in absolute increment (from the 7th 
to 10th months); finally, in the last months (11th and 12th) growth slows 
down somewhat. 


These theses do not allow us to use precise formulas to estimate the 
age of toothed whale embryos, In our opinion, it would be much more accurate 
to determine age according to an empirical graph on which the mean line of 
increase in embryo size is plotted (Kleynenberg et al., 1964). 
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Figure 186. Sightings of Delphinapterus leucas embryos of different 
length, according to month (Roman numbers). The distance 
between adjacent circles corresponds to an increment of 
15 cm (Kleynenberg and Yablokov, 1960). 


D. Neonate Size and Weight 


A.G, Tomilin (1940), who compared maternal and neonate dimensions, 
concluded that the relative size of the neonate cetacean becomes larger with 
decrease in maternal body size. In toothed whales, the length of the neonate 
is up to 52% of the length of its mother. At the same time, as indicated by 
the latest studies, there may be considerable fluctuation of neonate and adult 
specimen size (for example, in the beluga, the smallest neonates range from 
116 to 170 cm in length, while the size of the largest fetuses is 150 to 213 cm, 
Kleynenberg et al., 1964). 


Birth weight reaches 5-6% of maternal weight in large rorquals and 
10-15% in small toothed whales (Slijper, 1966). For the sake of comparison, 
let us indicate that in ungulates and pinnipeds, birth weight is also up to 
8-10% of maternal weight, whereas in rodents and carnivora it constitutes only 
0.5-3%. However, there has been no corroboration of the opinion of R. Laws 
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(1956) that the relative weight of neonate marine mammals is considerably 
greater: L. Leicht, F. Hytten, and W. Billewicz (1959) demonstrated, on the 
basis of extensive comparative material, that the rule of diminishing relative 
size of the neonate with increase in maternal body size applies to all mammals 
without exception. Data plotted on a logarithmic table about the correlation 
between maternal and neonate weight form a straight line, with the cetaceans 
on its upper portion and chiroptera at the bottom. 


On the other hand, S. Oshumi (1966) demonstrated convincingly that there 
are some differences between baleen and toothed whales with respect to the 
relative size of neonates (Table 58). 


Table 58. Relative size of some cetacean neonates (Oshumi, 1966) 


atio of neonate 
length to 
length of sexually 


_Body lenth, meters 





Genus, species 


me te aen 











HOBOPORTCHEEX TONOBNSPE-THIX Jaecu e€ specimens 
Neonate Mature 
Del phinus 0,84 1,7 0,49 
Stenella 4,05 2,1 0,49 
T ursiops 4,35 2,8 0,48 
Clovicep' ala 1,74 3,6 0,49 
Pihocoena 0,75 1,5 0,54 
Del phinapterus 4,5 3,0 0,50 
Physeter 3,9 8,8 0,44 
Berardtus 4,6 10,1—10,4 0,44—0, 48 
Exschrichtiu: 4,5 44,9 0,38 
B. musculus 7,0 23,9 0,30 
B. physalus 6,4 49,9 0,32 
B. borealis 4,4 13,4—13,7 0,32—0,33 
B. acutorostraia 2,5 7,3 0,34 
Eubalaena 5-6 14-15 0,33—0,43 
Mysticeti 2,5—7,0 7,3—23,6 0,34 
Odontoceti 0,75—4,6 1,5—10,4 0,48 


E. Parturition 





In all cetaceans, there is fluke presentation prior to parturition 
(see Figure 111). This is very important when giving birth under water; the 
infant's head is exposed to water at the very last moment, and this minimizes 
the danger of drowning with the first breath (Slijper, 1962, and others). 
Labor lasts 5 minutes to 2 hours (McBride, Kritzler, 1951; Sleptsov, 1940a; 
Tavolga, Essapian, 1957; Slijper, 1966, and others). 


The umbilical cord is up to 40% of the neonate body length in baleen 
whales and 45-50% in toothed whales (Slijper, 1966), and it soon snaps close 
to the offspring's belly during parturition. The neonate immediately heads 
for the surface to which it is gently pushed by the mother's snout. The 
placenta generally appears 0.5-10 hours later and is never consumed by the 
female. 
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The female's behavior visibly changes prior to parturition: she swims 
slowly near the surface, presents faster respiration, and defecation time is 
extended. Labor pains may last (until the infant's fluke is expelled) (Figure 
187) 30 to 60 minutes. 


D. Brown (1966, quoted by Harrison, 1969) described an amazing instance 
of behavior of a group of different species of dolphins in captivity during 
birth of a common dolphin. After protrusion of the caudal part of the off- 
spring from the genital slit, a false killer whale female and a short—-headed 
dolphin (Lagenorhynchus) female joined the parturient to render the usual 
epimeletic assistance (see Chapter 15, "Behavior"). Twenty-five minutes 
after the start of labor, when the dorsal fin of the calf emerged after a 
contraction, the Lagenorhynchus female carefully tugged the neonate's fluke 
and pulled it out of the vagina. The calf was stillborn (stillbirths are 
frequent in tanks), but for some time the mother and this female actively 
pushed it to the surface. This activity was interrupted by a male Globice- 
phala (almost twice as large as the other dolphins in the tank) that carried 
the calf down ia the water, kept it there for 38 minutes, then devoured it. 
Four hours after parturition, the female Pseudorca swam up to the belly of 
the dolphin from whose uterus a short stub of cord protruded, carefully took 
it in the mouth and pulled it out. As a result, the cord was withdrawn by 
about 15 cm. The parturient first swam away, then swam back to the Pseudorca, 
which repeated this process and withdrew the entire placenta on the third 
attempt. 





Figure 187. First stage of labor in Tursiops truncatus, Part of the 
fluke has emerged from the vagina. Photography by 
the Maryland Oceanariun. 
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F. Multiple Births 





Usually, cetaceans give birth to only one offspring at a time, and 
multiple births are very rare (Table 59). Probably, this constitutes a good 
adaptation to aquatic life, and it is related to the necessity of delivering 
an offspring that is quite prepared for independent life at birth. The 
cases of multiple births can apparently be interpreted as a manifestation of 
atavistic signs, That multiple births occurred in cetacean ancestors is 
also indicated by the rare finding of dolphins with an increased number of 
nipples (see Chapter 8). 


Table 59. Incidence of multiple embryos in some cetaceans (according to 
Kimura, 1957; Kleynenberg et al., 1964; Tobayama et al., 1970). 


MS lps, rye ae 


Genus, 8 Cases P IIpone 
Bi ae pecies reviewed ercentage MUponenr 





quint | sext. | totals 





twing trip| quad, 





B. musculus 49 057 0,78 0,05 0 0 0 0,82 
B. physalus 39 947 0,82 0,03 0,04 0,003 0,005 0,87 
B. borealis 4098 2,78 0 0 0 2,78 
Megu ptera 2979 0,57 0 0 0 0 0,57 
Physeter 2 664 0,45 0 0 0 0 0,45 
Del phinapterus 248 4,24 0,04 0 0 0 4,25 
Stenella coeruleoalbus 4099 0,01 0 0 0 0 0,01 








As indicated by the analysis of S. Kimura (1957), in the fin whale, 
an average of about 25% of twins are monozygotic. This analysis also confirms 
the earlier conclusion of E. Slijper (1949) concerning the positive correla- 
tion between multiple birth and maternal age (it was shown that there is a 
higher incidence of dizygotic twins with increase in maternal age). Interest- 
ingly enough, with increase in number of embryos there is a sharp increase in 
relative number of males: thus, while the usual occurrence of males and females 
constitutes 50.6 and 49.4%, respectively, in the fin whale, the figures are 
51.4 and 48.6% in the case of twins, 63.7 and 36.3% with triplets, and 72.7 and 
27.3% with quadruplets (Kimura, 1957). 


Recently, Siamese twins were found in sei whales (Kawamura, 1969). 


G. Lactation 


Observations in oceanariums revealed that while nursing the dolphin 
offspring can gently hold the nipple between its palate and tongue. Nor can 
former assumptions be ruled out: that the milk can be injected in the mouth 
when the offspring's head pokes at the maternal belly. The milk could be 
"injected" under high pressure created both by the subcutaneous musculature and 
myoepithelial cells surrounding the alveoli of the mammary glands (Slijper, 
1966). Suckling always occurs under water; the mother moves very slowly at 
this time. For the first 2 weeks, neonate dolphins suck about once every 26 
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minutes (McBride, Kritzler, 1951). During this period, the calves cannot spend 
more than half a minute under water, so that each feeding lasts only a few 
seconds. Feeding time then increases to several dozen seconds, Neonates 

are suckled around the clock (Harrison, 1969), then the intervals grow longer 
and longer (more significant intervals at night). 


A 6-month-old bottlenose dolphin was suckled seven times a day. In 1 
day, the offspring of a large baleen whale could consume up to 600 kg milk 
(Slijper, 1966), so that a newborn blue whale doubles in weight within 7 days. 
According to other estimates, the newborn fin whale gains an average of 54 kg 
daily and its weight is doubled in 25-30 days (Tomilin, 1946). 


In most baleen whales, the lactation period extends over 4-5 (least ror- 
qual, gray whale), 6-8 (other rorquals), or even 10-12 (humpback, right whale) 
months. According to different authors, this period ranges from 8 to 25 (!) 
months in the sperm whale. The pilot whale nurses its young for up to 24 
months (Sergeant, 1962a), however, at 6-9 months of age its offspring begins 
to search for food independently. It is believed (average) that most dolphins 
wean their offspring at about one year. Direct observations in oceanariums 
(Tavolga, Essapian, 1957) indicate that the lactation period lasts this long 
(8-12 months) in dolphins. 


Here too, we should discuss an important methodological question with 
respect to precise determination of lactation in adult females. In a special 
discussion of this question, Van Utrecht (1968) showed that neither presence 
nor absence of milk can serve as evidence of lactation. 


A comprehensive microscopic and macroscopic analysis of the structure 
of the mammary glands of many dozen fin whales. in different groups revealed 
that a pink and readily severable mammary gland stroma and presence of 
fatty cream-white milk serve as a reliable sign of lactation. 


H. Composition of Milk 


In spite of the relatively numerous data on qualitative and quantitative 
composition of milk of different cetacean species, we still do not have thorough 
enough investigations of milk composition of even a single cetacean species, 
at different stages of the lactation cycle. At the same time, it is certain 
that milk composition changes substantially at different stages of nursing 
(Tomilin, Plavskiy, 1962). It is probably this circumstance as well as the 
fact that different investigative methods are the reason for the diversity 
of data pertaining to biochemical composition of milk (Table 60). 


It is apparent from the submitted data that cetacean milk contains 
very much fat and protein. At the same time, the quantity of milk sugar 
(lactose) fluctuates considerably in different species (which is well-known 
to all who have tasted the milk of different species of whales). The con- 
sistency of whale milk resembles that of clotted cream [or thickened cream], 
and the color is usually cream, pinkish, or bluish. 


Ego 


Table 60. Characteristics of milk (%) of some cetaceans (according to Tomilin 
and Plavskiy, 1962; Ohta et al., 1955; Harrison, 1969) 
Genus, 
Por, : i I 
ON, BH species | Fat Protein | Lactose | Water 
Odontoceti 

Delphinus 4A,6—43,7 | 4,9-—5,6 1,5 48,8—51,6 

Tursiops truncatus 54,2 44,5 4,6 35,3 

Globicephala melaena 43,8 ? ? 48,7 

Phocvena phoccena 45,8 41,2 1,3 41,4 

Detphinapterus 22 ,6—33,2 | 9,3—10,0 4,7 53,7—-54,7 

Physeter 28 ,0O—37,4 5,0—7,3 3,9 51 ,3—55,5 

Hyperocdon 23,0 ? ? ? 

Mysticeti 

Eschrichtius 53,0 ? 6,4 40,1- 40,6 

Balaenoptera musculus 17,1—51,0 3,6—13,3 | 0,7—5,6 36,9—60,5 

B. physalus 29,0—44,4 | 10,5-13,3 | 0,2—1,4 53,4—-55,0 

51,0* 18,0 4,5 pe 

B. borealis 21,0—28,0 > ? > 

B. edeni 29,6 ? ? 54,5 

Megaptera 20,4--41,3 | 10,7—13,6 | 0,2-1,7 | 40,6—65,4 

Balaena 43,8 7,0 ? 48 8 











*Data of J. White (1953), according to R. Harrison (1969) 


It was recently reported (Lauer, Baker, 1969) that there is an exception- 
ally high potassium content (up to 29.9% in dry residue) in Delphinapterus 
leucas and phosphorus content in Balaenoptera physalus (33.42%). 


The specific gravity of finback milk (0.994-1.012) is somewhat lower 
than that of man and cows (1.032); surface tension of fin whale milk is also 
considerably lower (38.4-39.8 dynes/cm, versus 44.4 for human milk and 51.2 
for cow's milk; Otha et al., 1955). 


Fin whale milk is also notable for a lower boiling point and markedly 
increased acidity: 
as a Bc = 


Species Boili 

ape oer esa Meaty 
B. paysaius 98,2—98,5 21,0-~-48,7 
Hcmo sapiens 101,2 5,0 

Bos taurus 400,4 7,4 





In the milk of the blue whale, vitamin A content is 16-18 IU (interna- 
tional units) per gram of fat, vitamin B (riboflavin) -- 1.2-1.3 mg/gram; the 
vitamin C (ascorbic acid) content of fin whale milk is 7.0 mg/100 ml (Harrison, 


1969). 


2 Bugs 


The mean diameter of drops of fat in the milk of the fin whale is close 
to that of human and cow's milk, although more varied sizes are encountered in 
the finback, including occasional drops of a very large size (over 11.4 microns 
in diameter) that are not seen in man or cows (Otha et al., 1955). 


Different investigators have attempted to attribute the rapid growth 
of neonates to the composition of cetacean milk. However, it was shown, long 
ago (Zemskiy, 1956), that the concept of very rapid whale growth might be 
erroneous: the average growth of whales is not faster than in other mammals; 
the birth weight is doubled at a later time (Tomilin, 1946) than in many 
carnivora and ungulates (Table 61). On the other hand, the data pertaining to 
exact consistency between rate of doubling birth weight and protein content of 
milk agree more with the growth rate of large whales assumed by E. Slijper 
(1962); in his opinion the birth weight doubles within 7 days in such whales, 
and with respect to this character they rank first among the mammals studied 
(Table 61). 


Table 61. Growth rate and composition of milk of some mammals (according to 
Otha et al., 1955). 


Time orf | | 
doubled {Protein 





Bux Species [birth wt. % 
day 
Man 42) 1,3 
Horse 60 2,1 
Cow 47 3,5 
Fin whale* 25—~30 10—13 
Goat 22 3,8 
Sheep 15 5,2 
Pig 44 6,2 
Cat 9,5 9,4 
Dog 9 9,7 
Blue whale** 7 41—14 


*Data of A.G. Tomilin (1946). 
**Data of E. Slijper (1962). 


I. Reproductive Patterns 


Data pertaining to instances of simultaneous pregnancy and lactation in 
baleen whales (Laws, 1961), which were not given due attention previously, 
revealed that the following situation is usual for the least rorqual: virtually 
all pregnant females are lactating simultaneously (Jonsgard, 1951; Omura, 
Sakiura, 1956). There is also a high percentage (39) of simultaneously preg- 
nant and lactating female humpbacks (Chittleborough, 1958). Analysis of data 
pertaining to 129 lactating female finbacks caught in different years revealed 
that 11.6% were also pregnant; the number of such specimens fluctuates, reach- 
ing 29% in some years (Laws, 1961). 
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In the humpback, as in many fin whales, ovulation is observed immediately 
after termination of lactation, or even before complete termination. Most 
often, pregnancy occurs during lactation in multiparous humpback (Ivashin, 1969). 


Mating immediately after parturition is observed in some dolphins, 
killer whales, porpoises, as well as some rorquals (Slijper, 1966), although 
D. Sergeant (1962a) found a very negligible number of pilot whales that were 
lactating and pregnant at the same time (about 64). In our collections in the 
North, we found 10 simultaneously lactating and pregnant belugas out of 21 
pregnant ones that year (Kleynenberg and Yablokov, 1960). In a group collected 
in the Far East, 12 out of 24 pregnant belugas were also lactating. In the 
North and Sea of Okhotsk, we have found tiny embryos in females whose uterus 
had not yet contracted after previous parturition. It is obvious that the 
function of corpus luteum at the end of gestation and at the start of lactation 
does not inhibit development of follicles, as is the case in many terrestrial 
mammals. In our gathered specimens, there are ovaries with well developed 
corpus luteum in late pregnancy with completely mature follicles in the same 
ovary. Finally, in our collections also, there are ovaries where a new 
corpus luteum of a new pregnancy is present next to an old corpus from a 
past pregnancy. Such a phenomenon is also known form the common dolphin (Del- 
phinus delphis) and, as indicated by our observations on the Kuril Islands in 
1954 and 1959, in the sperm whale (Physeter macrocephalus), Baird's beaked 
whale (Berardius bairdi), and Cuvier's beaked whale (Ziphius cavirostris). 
Evidently, this is typical for all toothed cetaceans. 


One would think that new mating and fertilization occur in many toothed 
whales within no more than 2-4 weeks after parturition, and that this is deter- 
mined by the condition of the female (and, perhaps, to an equal extent by the 
presence in that group of males in the rutting period). 


Estimation of the overall frequency of births for each female is 
related to determination of the above term. Indeed, if pregnancy lasts 11.5 
months and each year mating will occur 2~4 weeks after the preceding mating, 
within a few years a given female should remain resting* since the mating 
period would end and the possibility of encountering a male in estrus would 
be ruled out. In such a case, about 20-25% of the sexually mature females in 
the population should not be pregnant each year. 


The question of frequency of births, which can be answered only indirectly 
on the basis of data pertaining to "barren" periods, can be answered more 
accurately in the light of the most recent studies using a precise method of 
age determination according to layers of teeth (Kleynenberg, Klevezal', 1962) 
(Table 62). 


In view of the fact that the beluga female may attain sexual maturity 
at 2-5 years of age, it may be concluded that, in some cases, the beluga 


*With referenee to Odontoceti (and perhaps Mysticeti), the concept of “barren” 
(resting) animals should include all animals that did not become pregnant by 

the end of a given mating season, including lactating animals that are not 

pregnant (since lactation does not prevent mating and another conception). 
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could give birth six or seven times in a row, with one l-year interruption, or 
an average of twice every 3 years, etc. 


Table 62. Age and number of births in Delphinapterus leucas females of the 
Barents Sea (according to Khuzin, 1961) 





Bod Number 5 Number of 
length ue a ody Age, a ie Age, | pregnancies 
i pregnancies cm a pregn. cm | Years [oe nae 

345 10 2 350 13 5 389 15 7 

400 4 2 360 41 5 380 44 7 

340 7 3 366 410 5 329 15 8 

340 9 3 368 9 5 345 412 8 

375 6 3 367 43 6 390 19 11 

370 9 4 368 43 7 











Thus, although the beluga, like probably all other cetaceans, can con- 
ceive again after parturition, this probably does not occur in all mature 
females in the population. For this reason, the strict cycles of reproduction 
suggested by S.Ye. Kleynenberg and A.V. Yablokov (1960) are apparently not quite 
consistent with reality. Evidently, there are some factors that we are not 
considering which influence the reproduction cycles and birth rate in differ-— 
ent specimens. It is one of the objectives of future research to identify 
these factors in different cetacean species, 


In conclusion, it may be assumed that all whales can multiply annually. 
The mean duration of the gestation period in most species of baleen and 
toothed whales, which is close to 10-11 months (see Table 57), and the 
findings of simultaneously lactating and pregnant specimens serve as indirect 
evidence of such annual reproduction, 


At the present time, after the numerous debates concerning the fre- 
quency of ovulation in commercial species of baleen whales, the researchers 
are coming to the conclusion that these are seasonally monestrous species. 

R. Laws (Laws, 1961; Slijper, 1966, and others) assumes that in baleen whales 
ovulation is related to changes in duration of daylight: during migration to 
Antarctic waters, lighting conditions change twice a year for the migrating 
whales, and this leads to ovulation, which is observed twice a year (the 

main cycle of ovulation is observed when the whales migrate from Polar 

waters to the Equator). In some specimens, ovulation can be observed through— 
out the year, but isolated deviations cannot characterize the entire population. 
With reference to toothed whales, polyestrous ovulation is also extremely 

rare (see Chapter 8). The scarcity of such data compels us to adopt a 

cautious attitude toward them. 


It is believed that all baleen whale species multiply at about the 
same rate after reaching sexual maturity, until they die (Slijper, 1966). 
However, this is probably not inherent to toothed whales. For example, a 
visible decrease in sexual activity with increase in age is observed in the 
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pilot whale (Sergeant, 1962a). After 12 (average) pregnancies, there may be 
impaired embryo development in the pilot whale; the surface of the uterus 
becomes covered with areas of cornified epithelium, and cysts filled with 
fluid are formed on it (Sergeant, 1962a). 


J. Sex Ratio and Prenatal Mortality 


According to data obtained from examining numerous series, the sex 
ratio is close to 1:1 between male and female cetaceans. However, a detailed 
analysis of the sex ratio at different stages of prenatal development, first 
performed on cetaceans by Sergeant (1962a, b) disclosed the extremely interest- 
ing (and well-known for other mammals and man) phenomenon of sharp decrease 
in number of males with advance in age (Table 63). 


Table 63. Number of males at different stages of prenatal and postnatal 
development in Globicephala melaena (according to Sergeant, 1962a) 





‘Number of 
Males specimens 
. examined 
Embryos up to 91 a 63,3 90 
Fetuses over 91 cm.; 56,3 160 
Neonates 44,6 186 
All young & adult 39,6 4603 





These data indicate that there is a specific and different death rate 
for males and females, it being higher for males. 


In whales, as in other mammals, we know of cases of death of 
embryos at different stages of development. Particularly comprehensive data 
have been gathered on this question for the Antarctic fin whale (Ichihara, 
1962). It was found that dead embryos are encountered more often during the 
first 5 and last 1.5 months of development (gestation period is about 11.5 
months in the fin whale); in the case of multiple pregnancies the embryo death 
rate is much higher than in ordinary pregnancy; finally, the percentage of 
embryo deaths is somewhat higher in older specimens. Unfortunately, we do 
not yet have analogous data with reference to other cetacean species. 


In spite of the substantial and interesting discoveries in the area of 
biology of reproduction of baleen and toothed whales, made in the last 15-20 
years, many questions remain unclear. We refer to the differences in reproduc- 
tion patterns of similar species, different genera and families, and, finally, 
between representatives of baleen and toothed whales; there are virtually no 
precise data pertaining to the early stages of neonate growth, lactation dis- 
tinctions, embryo mortality; finally, we still know very little about the 
actual and potential reproduction rate of most cetacean species. 
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Chapter 14 


DISTRIBUTION 


A detailed description of the distinctions of distribution of each 
cetacean species in areas of reproduction and feeding, patterns of seasonal 
migrations, etc. were not included in the authors’ objective. In this 
chapter, an effort is merely made to provide a very general idea about the 
distribution of different groups of these animals (most often within the 
framework of genera). At the present time, there are still many unclear and 
debatable questions related to orientation of cetaceans, reasons and patterns 
of their migrations, preference of specific feeding and mating regions, dis- 
tinctions of distribution of the animals in the waters they inhabit, etc. 
Continual accumulation of facts pertaining to the most diverse representatives 
of the order is required to answer these questions. On the other hand, 
analysis of a large number of detailed observations often detracts the 
investigators from interpretation of the problem as a whole. Perhaps, deli- 
berate refusal to consider details could be useful for the demonstration of 
the most general patterns of distribution of cetaceans. For this reason, we 
considered it important to have a general (be it rather rough) idea of cetacean 
distribution in the world's waters. For this purpose, we used the data from 
the literature pertaining to areas of capture, stradings, and sightings of 
different cetacean species (Figures 188-199). In addition to numerous special 
works, our sources of such information were the reports of Hershkovitz (1966), 
Hishiwaki (1966), Rice and Scheffer (1968), Sleptsov (1955a), Tomilin (1962), 
and others. 


We hope that the blank spots on the submitted maps will attract the 
attention not only of cetacean investigators, but also other specialists 
that study the ocean. 
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Figure 188. 


Diagram of distribution of Balaenidae in the world's waters 
1) Balaena 


2) Eubalaena 3) Caperea 
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Figure 189. Distribution of Eschrichtius (1) and Megaptera (2). 


Arrows indicate routes of humpback migrations according to 
data of different authors, 
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Figure 190. Distribution of Balaenopteridae. Dots indicate areas 
of sighting Balaenoptera edeni 
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Figure 191. Distribution of Physeter (1) and Kogia (2). Antarctic 
distribution of sperm whale is not shown. 
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Figure 192. Distribution of Hyperoodontidae (1), Cephalorhynchus (2), 
and Sotalia (3) 
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Figure 193. Distribution of Monodon (1), Grampus (2), Lipotes (3), and 
Delphinapterus (4) 
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Figure 194. Distribution of Lagenorhynchus (1), Platanista and 
Inia (Amazon River Basin) (2), and Lissodelphis (3) 
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Figure 195. Distribution of Delphinus (1) and Pseudorca (2) 
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Figure 196. Distribution of Tursiops (1), Pontoporia (2), Peponocephala 
(3), and Lagenodelphis (4) 
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Figure 197. Distribution of Phocoena (1), Phocoenoides (2), and Neopho- 
coena (3) 
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Distribution of Globicephala (1), Feresa (2), and Orcaella 
(3) 


Figure 198. 
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Figure 199. Distribution of Stenella (1) and Steno (2) 
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Chapter 15 


BEHAVIOR 


In the last decades, dolphin behavior has attracted the behavior of 
both biologists and the most varied specialists.* Is this interest justified? 


The indisputable fact that distinguishes dolphins from other animals 
is the size of their brain. According to a number of indices, the brain of 
toothed whales occupies one of the first places among mammals (Portmann, 1959; 
Pilleri, 1962; Ridgway et al., 1966). 


it is generally believed that the relative size of the brain reflects 
the level of intellectual development of an animal. Thus, L.V. Krushinskiy 
(1968) demonstrated that the successful solution of elementary logic problems, 
based on the capacity to extrapolate, is related to the relative size of 
animals within each animal class. We can therefore concur with J. Lilly 
(1967) that the size of the dolphin brain is an important prereuisite for 
considering the dolphin to have a highly developed intellect. Observations 
of behavior of whales and dolphins in the wild and under laboratory conditions 
also gives reason for some investigators to single out dolphins among mammals, 
placing them close to man with regard to mental development. 


One of the main arguments in favor of reasoning activity in dolphins, 
comparable to human reason, is the opinion that there is an exceptional abund- 
ance of sonic signal information exchanged by these animals (see Chapter 10). 


Some investigators (Lilly, 1961, 1967; Tietz, Taylor, 1964; Bastian, 
1967, and many others) conducted experiments to confirm the opinion that dol- 
phins exchange meaningful information with one another and could be taught 
human speech. However, these experiments have not yet yielded distinct 
results to confirm the hypothesis that dolphins are capable of communicating 
through sonic signals resembling human language. 


Some researchers consider the speed of training to be an indication of 
high mental capabilities. Indeed, trainers that teach dolphins to perform 
circus acts observe that they acquire skills rapidly. It is enough to show 


*This chapter was written by N.L. Krushinskaya (Laboratory of Postnatal Onto- 
genesis IBR, USSR Academy of Sciences). 
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them what is required two or three times for them to perform complex assignments, 
At the same time, there are acts for which months are required to train the 
dolphins. In spite of the great interest in cetacean behavior, there are still 
very few works dealing with special investigation of higher nervous activity in 
dolphins. 


Analysis of some distinctions of higher nervous activity in these animals 
was made in the work of L.G. Voronin and L.B. Kozarovitskiy (1969). These 
authors demonstrated that the nervous process of dolphins are characterized by 
considerable stasis [{sluggishness] and instability (particularly the inhibition 
process). Stasis of nervous processes is associated with good concentration 
thereof. These distinctions are the reason for great stability of temporary 
associations in these animals in relation to various additional stimuli; but, 
on the other hand, they make it different to develop some complex temporary 
associations. It is important to mention that the dolphin species studied do 
not differ sharply from other mammals with respect to rate of formation of 
conditioned reflex associations, while differentiation is formed worse than in 
many mammals (Kellogg, Rice, 1966; Bel'kovich, Gurevich, 1969). 


Since the rate of development of conditioned reflexes is the same in 
animals on different levels of evolutionary development (Voronin, 1957), it 
is apparently impossible to use conditioned reflex criteria to judge the 
level of mental development in a representative of a a given animal species. 
The learning rate (and not solution of logic problems!) cannot serve as an 
indicator of reason (McBride, Hebb, 1948). At the same time, H. Harlow (1958) 
concludes that, in the course of evolution, there is progression of the 
learning capacity in animals with regard to problems that are characterized by 
a logical basis. There are still no descriptions inthe literature of systematic 
experiments for demonstration of the capacity in dolphins to solve such problems, 
However, observations of bottlenose dolphin behavior enable us, in a number of 
cases, to refer to the capacity for logical conclusions (McBride, Kritzler, 
1951; Brown, Norris, 1956, and others). 


It is apparent, from the foregoing, that the question of degree of 
development of reasoning activity in cetacenas is still far from having an 
answer. In order to answer this question, it is necessary to develop a set 
of adequate logic problems that could be presented to these animals, and to 
pursue numerous and precise experiments, 


One of the important indirect. indications that dolphins are animals 
with highly developed mental activity is their extreme sociability. Indeed, 
because of the diversity of sonic signals, most of which are used for communica- 
tion, their group living habits, epimeletic behavior, ease of taming, and 
other behavioral distinctions, dolphins are very interesting to study. 


We have devoted this chapter mainly to consideration of the structure 
of groups of cetaceans and behavioral distinctions in the wild and in captivity. 
Before we turn to a description of the main features in cetacean behavior, we 
mist describe the composition and other distinctions of groups actually 
observed in the wild. It is important to have knowledge about herd composition 
for correct conception of the possible nature of social relations between 
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animals in a herd or group, i.e., the background against which individual 
behavior occurs. The next section of this chapter deals with such problems. 
The typical behavioral features of cetaceans under different conditions are 
described in the subsequent sections. 


I. Distinctions of Composition of Cetacean Herds and Groups 


The composition of cetacean herds has been the subject of many investi- 
gations pursued abroad and in our country. However, we still have very little 
information concerning the structure of cetacean herds and groups contained in 
the herds, since considerable methodological difficulties are involved in the 
study of marine mammals in the wild. Visual observations do not permit track- 
ing a group or herd of whales for any length of time. Therefore, when studying 
the composition of cetacean groups, along with specific observation of animal 
behavior at sea, successful use is being made of morpho-ecological analysis of 
cetaceans that have been captured, as well as comparison of variability of 
some organs and morphological characters. 


Let us consider the data on structure of herds of teothed whales. 


A. Composition of Toothed Whale Herd 


At the present time, best studied of toothed whales, is the composition 
of herds of common dolphins (Sleptsov, 1941; Tarasevich, 1951, and others), 
beluga (Kleynenberg et al., 1964; Bel'kovich, Yablokov, 1965), and sperm whale 
(Caldwell et al., 1966; Tarasevich, 1967, and others). 


Common dolphins are typical herd animals. They are encountered in 
groups of 30-50 to 500-700 specimens that are not homogeneous in age and sex 
structure (Mayorof and Danilevskiy, 1934; Mal'm, 1936; Tsalkin, 1938, 1940). 


Tarasevich (1951), who made a study of schools of dolphins over a l~year 
period, established that there is distinct seasonal age and sex-related differ- 
entiation of the herd. In the winter, there is prevalence of schools of | 
sexually mature males and a few adolescent males and schools of females con- 
sistingly chiefly of pregnant ones and juvenile specimens of both sexes. 


In the spring and summer, there is predominance of mixed schools, in 
which the following were encountered: 1) mating schools consisting of mature 
males and females with a small number of subadult speciments; such schools 
usually divide into groups of six to eight consisting of one female and 
several males; 2) preparturient schools consisting of females at the last 
stages of gestation; 3) juvenile schools consisting of nursing females, 
infants, and adolescents; 4) schools of subadult specimens formed as a result 
of disintgetration of winter schools of females. 


It is assumed that such herd differentiation has adaptive significance, 


since it improves feeding in the winter and provides beneficial conditions in 
the summer for reproduction. 
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In the beluga, as in the common dolphin, there is seasonal age and sex- 
related differentiation of the herd. G.Ye. Nikol'skiy (1936) and V.A. 
Arsen'yev (1939) observed two types of schools of beluga: those consisting 
only of females and juvenile specimens, and those consisting exclusively of 
adult males. During major seasoqnalmigrations, schools of adult males head 
the entire herd, and they are followed by schools of females with young speci- 
mens. Seasonal investigation of beluga herds (Bel'kovich, Yablokov, 1965) 
revealed that even during the mating period (May to July), the males may be 
in separate schools; at this time, the mixed schoools consist primarily of 
adult females and offspring. By the end of the reproductive period (August) 
there is more distinct sex and age-related differentiation in the population: 
prevalence of schools of adult females with offspring and separate schools of 
adult males. 


V.M. Bel’kovich and A.V. Yablokov (1965), using a convenient morphological 
test -- type of fusion of manus bones in dolphins, showed that the mixed school 
of beluga consists of females in a group not only with nursing offspring but 
also offspring of prior years. The investigations confirm the hypothesis 
that different mixed schools of beluga consist of genetically related speci- 
mens; these schools represent family groups, consisting of females and their 
offspring of different ages. 


The grouping of adult beluga in pairs which is encountered during the 
mating period, is temporary, since the somewhat different rate of maturation of 
males and females (see Chapter 13), with a 1:1 sex ratio in the population 
that is monogamous, would lead to an excessive number of "resting" females, 
which is not observed in the wild. 


Until recently, it was believed that harems are typical for the structure 
of a sperm whale (Physeteridae) herd. It was believed that the harems consist 
of 10-40 adult females and a large adult male (Bennet, 1840; Zenkovich, 1938; 
Sleptsov, 1952, and others). However, D. and M. Caldwell and D. Rice (1966), 
who pursued a more comprehensive observation in the wild and analyzed the 
existing data on structure of a sperm whale herd, question the validity of the 
very concept of "harem'' with reference to sperm whale groups. It was found that, 
during the mating period, in mixed groups with predominance of females, one 
could find several younger but sexually mature males, in addition to large 
males (Caldwell, Caldwell, Rice, 1966; Berzin, 1970). Furthermore, it was 
learned that the large, so-called harem males (sperm whale) usually remain at 
some distance from the female grups which usually include young and sexually 
active cachalots, We can add that in large males there is diminished spermato- 
genesis, and there are direct observations of mating between females and 
relatively small males in the harems (Berzin, 1970). Male sperm whales form 
groups consisting of specimens only of a specific size and age (Zenkovich, 
1934; Tarasevich, 1967). Probably, such a set of animals is determined by the 
dissimilar capacities of animals of different size with regard to diving and 
getting food. Finally, on the basis of analysis of morphologically stable 
coloration details of the sperm whale, Ye.1. Veynger (1969) showed that in a 
mixed group of sperm whale there may be females that are interrelated and their 
offspring. 
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Consequently, it can be considered that in sperm whale and beluga, the 
basis of the herd consists of females with offspring, that are interrelated. 


There are fragmentary data concerning the structure of herds of other 
species of toothed whales. We know (Tomilin, 1957) that bottlenose dolphin 
schools usually consist of 15-20 specimens. Smaller groups of 2-3 animals may 
also be encountered. When feeding, such groups keep at a distance of 75-100 
meters from one another, but they come together in case of danger. When there 
are accumulations of food, bottlenose dolphins join. into herds numbering up 
to several hundred head (Kleynenberg, 1956). Evidently, in the bottlenose 
dolphin too, there are familial differentiations within a herd. According to 
observations of bottlenose dolphins in the Florida and Maryland oceanariums, 
where dolphins first began to multiply in captivity, there was formation of 
family groups consisting of a female and her offspring. For several years, 
they maintained closer relations than with other animals (Tavolga, Essapian, 
1957; Brown, 1960). Thus, observations in aceanariums confirm the fact that 
the groups are based on females with their offspring. The females serve the 
purpose of guides, protecting and uniting the group members in case of danger, 
rearing their young, etc. (Tavolga, 1966; Bel’kovich, Krushinskaya, Gurevich, 
1969). The males, however, manifest activity only during the mating period; 
the rest of the time, they usually swim apart and do not participate in the 
group's social life (McBride, Hebb, 1948). 


Killer whales (Pilleri, 1967; Scheffer, 1967), narwhals (Tomilin, 1962), 
and short-beaked dolphins (Tomilin, 1938) are also specimens that live in 
groups, forming either mixed herds, or else they are encountered in schools of 
the same sex. Such groups differentiated according to sex may reach 10-15 
narwhal specimens. Schools are encountered in groups of two to 40 head, and 
large schools of 30-40 head are subdivided in groups of 4-5 which keep together. 
Pilot whales are seen in groups of five to 60 (Brown, Norris, 1956), although 
occasionally large schools of several hundred head are observed. Old male 
pilot whales may be found singly for long periods of time. The investigations 
of D.E. Sergeant (1962) revealed that there may be two types of mixed herds, 
consisting either of adult males and females, or sexually mature specimens of 
both sexes as well as subadult animals. In addition, the late summer and fall, 
groups of adult males are encountered. These male groups are temporary and 
soon separate. 


The facts at our disposal do not allow us to determine definitively 
the structure of herds of all or even most toothed whale species. It may be 
that a certain part of the adult males does not participate in mating for a 
few seasons; the same occurs in the sperm whale, where polygamy is marked and 
where there are several males per 10-20 females in harems, while the other adult 
males leave the mating area. Perhaps some of the females abandon the 
parental school upon reaching sexual maturity. It may be that grown offspring 
leave the parental school just before they reach sexual maturity, as observed, 
for example, in the common dolphin (Tarasevich, 1951). 


All these details, apparently, depend on many ecological distinctions 


of a given species (availability of food, seasonal migrations, and other 
factors causing ecological differentiation). 
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On the basis of the above data on composition of herds of toothed whales, 
we can derive the following conclusions: 


1. The vast majority of Odontoceti species live in herds. 


2. Obvious seasonal differentiation according to sex is observed in 
herds of toothed whales. Adult males form independent herds and mix with herds 
of females with their offspring only during the mating period. 


3. In some of the species studied, the basis of the mixed herd is a 
female surrounded by her offspring of different ages. This primary grouping 
exists for many years, and its size fluctuates depending on the female's age. 
Many females ready to give birth can remain in the same school; males, however 
(upon reaching sexual maturity), leave the family and form separate groups. 


4, During periods of mating, mass accumulation of food, prolonged 
seasonal migrations, there is temporary joining of a more or less large number 
of primary family groups with schools of adult males into large congregations. 


B. Composition of Baleen Whale Herd 


There is relatively little information concerning the composition of 
herds of baleen whales. However, all of the available data indicate that 
baleen whales (unlike toothed whales) are usually encountered in relatively 
small and scattered groups. Thus, in the fin whale (B. physalus), groups of 3-5 
animals are more often encountered. They consist of a male, female, and a 
few offpsring of different ages (Mackintosh, Wheeler, 1929). 


The size and composition of some other rorqual species, as is the case 
for gray and right whales, are similar to the fin whale (Zenkovich, 1937; 
Nemoto, 1964, and others), For example, in sei whales, there is prevalence of 
groups of three specimens, and in Greenland: ~ right whales there is pre- 
dominance of pairs. Humpbacks are generally seen singly or in groups of no more 
than four animals. Gray whales are usually united in groups of 2-3 animals, 
and it is believed (Andrews, 1914) that they consist of a female, her offspring, 
and a male. 


Thus, all species of baleen whales are probably usually encountered 
Singly or in small groups. They join into herds or large groups only during 
migrations or in areas where food is concentrated. In the latter event, more 
complex groups occur, which have been studied comprehensively with reference to 
the fin whale, the most prominent (until recently) commercial species (Tarase- 
vich, 1967; Nemoto, 1964). The following are distinguished in such groups: 
1) small groups of large, adult, mating females; encountered more often in 
April to June; 2) groups of adult (up to 6-8 specimens) large males, which 
predominate in August; 3) mixed groups (up to 5-16 animals) consisting chiefly 
of young adult males surrounded by nonmating specimens ("resting" females and 
subadults on the verge of sexual maturation). Adult males make up the nucleus 
of the mixed fin whale group, and they are surrounded by nonmating young speci- 
mens ~ such mixed groups are encountered more often in the fall; 4) small 
groups of juvenile specimens; 5) pairs consisting of a male and female (formed 
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for the mating period, most often in the fall); 6) pairs consisting of an 
adult female and her suckling offspring. 


The composition of baleen whale groups is most probably determined by 
the same factors as the composition of toothed whale groups, i.e., age, sex, 
readiness for mating, food requirements, etc. However, a comparison of the 
distribution in a herd of toothed whales to that of baleen whales reveals some 
difference in group organization. If we judge according to the number of speci- 
mens making up a social group, baleen whales are apparently less sociable than 
toothed whales. Furthermore, in all of the toothed whale species studied in 
this respect, the nucleus of a herd consists of a female with offspring of 
different ages around her, while in baleen whales the nucleus is an adult 
male surrounded by young and nonmating specimens (Tarasevich, 1967). 


II. The Social Structure of a Herd 


The herd living habits of mammals are maintained by the following 
chief forms of relations between specimens: sexual, parent and offspring 
relations, combined action when defending against enemies, interaction in 
searching for food, and joint games. 


The extent of cooperation in combined action, the duration and stability 
of relations in a community, and the diversity of manifestations of such ties 
can characterize rather fully the specifics of a society of any animal species. 
All of the main forms of group behavior of cetaceans will be described below. 
However, before we discuss forms of behavior, we should try to assess the 
social organization that is typical for cetaceans and that constitutes the 
common and constant "background" of manifestations of individual distinctions 
of the specimen. 


Most of the information concerning the nature of social relations and 
behavior of cetaceans in a herd was obtained by researchers who studied their 
living habits in captivity. Such studies are being pursued only on a few 
dolphin species that adapt relatively well to living in oceanariums and tanks: 
bottlenose dolphin, common dolphin, porpoise, false killer whale, pilot whale, 
Inia, and Stenella. 


Of these species, the bottlenose dolphin has been studied the most com- 
prehensively with respect to behavior (Tavolga, Essapian, 1957; Tavolga, 1966; 
McBride, Hebb, 1948; Caldwell, Caldwell, 1968; Bel'kovich, Krushinskaya, 
Gurevich, 1969), All investigators report that there is a more or less marked 
and rather complex dominant hierarchy within bottlenose dolphin groups. And 
dolphins are very sensitive to any change in surroundings. Addition of new 
animals, sickness or death of one of the members of the school could rapidly 
alter the existing ties and lead to a change in established social relations. 


Usually, in a group of bottlenose dolphins, a male that is larger than 
the other animals occupies a dominant position (McBride, Hebb, 1948; Tavolga, 
1966). Other groups may consist of adult females, young, subadult males, 
and the offspring of adult females. 
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Specific forms of behavior are inherent to the dominant ("alpha") animal 
in the group. Such an animal manifests its superior position by thrusting its 
tail, assuming the appropriate menacing poses that are associated with typical 
sounds and clicks. When feeding, the rank of dominance in a school of dolphins 
is expressed in strict order of obtaining food. However, even an established 
hierarchy does not preclude the possibility of a fight in the school. Fights 
are observed particularly frequently among males during periods of increased 
sexual activity. An adult male atacks young ones that try to court females. 
The rest of the time, the alpha male usually swims apart from the school and 
has little contact with females and young animals. However, it is not always 
that a distinct dominating hierarchy is observed. 


In the bottlenose dolphin community we studied (Bel'kovich, Krushinskaya, 
Gurevich, 1969), the only adult male did not display any signs of domination 
over the other bottlenoses (although it obviously dominated over common dolphin 
males). Two adult females played the part of guides in this group of bottlenose 
dolphins. They appeared to protect the herd in certain critical situations: 
when a net appeared in the water, when a human dived, while one of the herd 
members was being trapped, etc. At the same time, these females did not mani- 
fest typical signs of domination in the herd and did not enjoy any privileges 
with respect to feeding, no matter how hungry they were. These observations 
differ from those of Tavolga (1966) when a dominating female bottlenose dolphin 
which was the first to inspect new objects and protected the herd in the pres-— 
ence of danger, also had the privilege of being first to take food. 


Evidently, such differences in the behavior of bottlenose dolphins 
could be attributed to the fact that the social relations in populations of 
the same animal species may vary and present definite specifics in different 
groups. Thus, in a study of the biology of Macaca, it was shown (Shoven, 
1965) that there were marked differences in monkey behavior in different popu- 
lations, and that this was related to the degree of aggressiveness in the 
. ominating specimen i.e., it was related, in essence, to individual qualities 
of the alpha animal. Such lability of social structure of a group is a sign 
of definitely high level of social relations. 


When assessing manifestation of dominance in an established hierarchy 
of a dolphin community, it is imperative to take into consideration the fact 
that all of these studies were pursued on animals in captivity. We know 
(Carpenter, 1940; Carrighar, 1965) that sharp changes occur in social rela- 
tions when animal communities are artificially overpopulated. Usually there 
is an increase in degree of domination of the specimens. Carrighar (1965) 
believes that in the wild domination is negligibly manifested if there is a 
balance in the population and it consists of members that are equal in rank 
that willingly follow the leader they chose. A rigid order of domination 
and subordination is always inevitably created under artificial overpopulated 
conditions. Therefore, one apparently cannot always extrapolate the social 
relations formed in experimental communities of dolphins to the social 
organization of groups and herds of cetaceans that actually exist in the wild. 


In recent years, the first attempts were made to study cetacean behavior 


under natural conditions. R. Evans, W, Sutherland, and K. Norris (quoted by 
Evans, Bastian, 1969) suggested construction of an underwater "bell," that 
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could be occupied by an experimenter to observe the behavior of dolphins in the 
open sea at a depth of several meters. This underwater bell was used to survey 
several herds of Stenella dubia. Three groups of animals were observed. 


The first consisted of 5-9 adult females and offspring; the second 
consisted of adult males occasionally joined by females; the third group con- 
sisted of subadult males (4-8 head). The most typical behavioral feature in 
these stenellas was that there was distinct spatial distribution of the members 
in the male groups. Thus, in the group of adult males, the animals were in the 
vertical plane, in 4-5 layers, and the largest animals were closer to the 
surface and the younger were at deeper levels. 


Perhaps such distribution reflects the existence of a dominant hierarchy 
in the group, since the top layer of water could be construed as the biologically 
more comfortable one for dolphins, and access to the top layers could constitute 
a sort of social reward. Such an assumption is confirmed by the fact that the 
group of subadult males was arranged in the same horizontal plane (such distri- 
bution could be due to the fact that they all occupied approximately the same 
rank). 


These observations indicate that there is some biological meaning to 
the spatial distribution of whales in water. However, there may be an entirely 
different interpretation of the vertical distribution of the animals, unrelated 
to the social aspect of the group's life (for example, availability of food, 
protection from a danger on the surface, and other causes could make it more 
comfortable to remain at deeper rather than the top layer of water; the possi- 
bility cannot be ruled out that the presence of the observers could also be 
the cause of the distinctive spatial distribution of dolphins in the group, etc.). 


There is virtually no reliable information concerning the structure of 
cetacean communities in their natural habitat. E. Slijper (1962) and D. Brown 
(1961) report that there are leaders in herds of pilot whales and bottlenose 
dolphins; T. Nemoto (1964) states that in small groups of gray whales, a 
male is the "leader," etc. However, there is no direct evidence of existence 
of dominant hierarchy iin cetacean groups in the wild. The scars and cicatrices 
on different parts of the b ody, that are the traces of fights, could be 
construed as important indirect proof of such a hierarchy. However, the sub- 
Stance of such "social conflicts" (Slijper, 1962) is still absolutely unclear 
to us. 


III. Distinctions of Cetacean Behavior 

Below, we submit successfully the known data concerning behavior related 
to sexual relations, parent and offspring relations, relations between adult 
specimens in the nature of epimeletic behavior and collaboration, and, finally, 
one of the most typical features in the behavior of toothed whales -- play. 


A. Sexual Behavior 


During the mating period, all cetacean species present typical sexual 
behavior which is distinctly ritualistic. 
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Numerous observations of sexual behavior of cetaceans in the wild 
have been published in the literature long ago (Bennet, 1840; Tomilin, 1957; 
Gilmore, 1958; Pinkerton, Gambell, 1968, and many others). It became possible 
to provide the most systematic and complete description of sexual behavior 
of dolphins only in captivity (McBride, Hebb, 1948; Kritzler, 1952; Essapian, 
1962; Andersen, Dziedzic, 1964; Tavolga, 1966, and others). The great similarity 
in manifestation of courtship in cetaceans in the wild and some dolphin species 
in captivity warrants the believe that sexual behavior is generally comparable 
in all cetaceans (at any rate, in toothed whales). 


The typical courtship "ritual" of dolphins consists of the following 
stages: 1) friendly interaction, 2) pursuit, 3) cross-over swimming, 4) posing, 
5) rubbing the genital area with the rostrum and fins, 6) nipping, and 7) copu- 
lation (Figure 200) (Andersen, Dziedzic, 1964; Tavolga, 1966). 


Observations indicate, for example, in the bottlenose dolphin, that 
the male selects a female and courts her for 3-4 days to a few weeks. However, 
in the courtship period with one female, he could show interest in others; then 
the initial courtship may be interrupted for a time. While courting, the male 
swims around the female he has chosen, assuming various poses, as if to display 
different parts of his body to her. The animal usually assumes a vertical 
position, with the tail protruding from water, and rhythmically hitting the 
water with the tail. At this time, the female, while swimming near the male, 
touches his head or belly with her fins, or else, after a few sharp movements 
with her tail, suddenly swims away from the male, jumping out of the water in 
so doing. The male pursues her, catches up to her, and the love play is resumed. 
The courtship also includes rubbing the partner's body with the snout: the 
anterior part of the belly near the flippers or genital region. Swimming side 
by side with the female, the male grabs her flipper in the mouth, holding it 
lightly in his jaws or, stopping opposite one another (nose to nose) each 
alternately inserts the rostrum in the partner's open mouth. Such play may 
last 10-15 minutes. 


The distinctive "cross-over" swimming, when the male swims under the 
belly of the female, touching her belly with his dorsal fin, often precedes 
erection. Erection lasts a few seconds in dolphins and recurs several times 
within 15-20 minutes. 


During copulation, the male turns sideways to the female and for a few 
seconds remains in close contact with his belly touching her. Both dolphins 
are usually in horizontal position and for a few seconds they slowly swim side 
by side, M. and D. Caldwell (quoted by Evans, Bastian, 1969) recorded 
sound signals of the bottlenose dolphin during courtship. They distinguished 
a specific mating call of the male, resembling a‘'yelp"[or bark]. D. Caldwell 
traced the formation of this sound in a young male bottlenose dolphin in capti- 
vity: the Yelp" was first heard at 3 months of age, when the offspring tried 
to copulate with his mother. 


A. McBride and H. Kritzler (1951), M. and D. Caldwell (1968) also mention 
early manifestation of sexual behavior in the captive bottlenose dolphin: 
an effort tv copulate with an adult is already manifested by an offspring that 
is a few weeks old. 
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Homosexuality and masturbation are common among captive dolphins (McBride, 
Kritzler, 1951; Tavolga, 1966; Bel'kovich, Krushinskaya, and Gurevich, 1969). 
It is still not certain whether such forms of sexual behavior in dolphins should 
be considered anomalous. McBride, who analyzed instances of homosexual behavior 
in rodents and carnivora, tends to classify them as unsuccessful attempts to 
determine the sex of the other animal. However, in dolphins, as noted by this 
author, the male may actively seek out a male as a sexual partner. When we 
observed two male bottlenose and common dolphins, we also observed that the 
common dolphin initiated sexual activity with the male bottlenose more willingly 
than with females of his own species, 


The main observations of sexual behavior of dolphins were made, as we 
have already noted, under conditions when the natural activity of the animals 
was, of course, altered. It may be that deviations from biologically natural 
' heterosexual forms of behavior constituted a sort of compensation for the 
inadequate active activity in captivity. No doubt, to comprehend this aspect 
of cetacean behavior, one should investigate the sexual behavior of the species 
in their natural habitat. It is only by comparing such observations that a 
basis can be obtained for definite interpretation of the distinctions in sexual 
behavior of animals in captivity. Thus, a comprehensive study of forms of 
behavior of dolphins which today appear to be obviously sexually motivated to 
us, may show that this behavior has a different meaning. W. Wickler (1966), 
who observed baboon and South African marmoset "guards," noted that in the 
vast majority of cases the male guarding the herd sits in a position that 
exhibits the brightly colored genitalia and erected penis. Exhibition of 
the erected penis is related to social domination and protection of the terri- 
tory. For example, in some rodents and marmosets, exhibition of the erected 
penis is part of the aggressive behavior of the dominating specimen, and to 
strengthen the effect, in such situations the alpha male usually assumes a 
“proffering" pose, i.e., he behaves like a female. It is interesting to note 
that similar "signals" have been retained by some tribes. It is known that 
military guards often decorated and emphasized their penis (Wickler, 1966). 


We cannot maintain at the present time that erection observed by many 
investigators in dolphins, in nonsexual situations, is a sign of domination, 
but it would be interesting to study this question. 


B. Relationship Between Parents and Offspring 


The formation of parental relations between the female and neonate 
bottlenose dolphins in oceanariums has been described comprehensively by A. 
McBride and D, Hebb (1948), A. McBride and H. Kritzler (1951), F. Essapian 
(1953), and recently by M. Tavolga (1966). 


We know that newborn dolphins are quite adapted to independent life 
from the very first instant (unlike theoffspring of many other mammals). The 
infants can see, hear, swim, exchange sonic information with the mother, and 
distinguish their mother from other dolphins as soon as they are born 
(Essapian, 1953). 
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Figure 200. Sexual behavior of Tursiops truncatus. Different stages 


of courtship (see text). Drawing by V.M. Smirin from 
sketches by N.L. Krushinskaya 


For the first few weeks, the offspring does not swim away from its 

The neonate has special, apparently congenital forms of behavior 
that allow it to survive for the first few days of life: it swims behind and 
slightly to one side of the mother's dorsal fin (see Figure 5), thus remaining 
in the most protected place. If there is another adult female in the vicinity, 


she swims next to the mother so that the offspring is between their dorsal 
fins and is protected from both sides (Figure 201). 


mother. 


As it swims next to its 
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Mother, the baby dolphin never lags behind her, no matter how fast the mother 
swims, and it does not have to expend much energy for this, since the laws 
known in hydrodynamics are involved here (D. Caldwell, M. Caldwell, 1968). 





Figure 201. Tursiops truncatus infant swimming between its mother 
and "aunt" is in the most protected position. Photo- 
graphy by the Maryland Oceanarium. 


The mother immediately arrests any attempt made by the infant, during 
the first few weeks of life, to join other adult dolphins. If the baby is 
"disobedient," it is punished: the mother holds him down to the bottom of the 
tank with her rostrum for about half a minute (Tavolga, 1966). Such vigilance 
on her part is justified, since there have been recorded cases of adult males 
attacking newborn dolphins, and as a result traces of severe bites on their 
bodies have been discovered (McBride, Hebb, 1948). 
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If lost, the baby actively searches for its mother. It swims at high 
speed in a circle, near the surface, in the area where it last was together 
with the mother, and it whistles continuously. 


Usually, some aduit female helps the mother care and protect its neo- 
nate. A. McBride and H, Kritzler (1951) observed other females help a bottle- 
nose dolphin mother lift a stillborn offspring. The female assisting the 
mother wards off aggressive males. Occasionally there are several females 
displaying such concern for the safety of the newborn, for a few weeks after 
its birth. If there is any trouble in the tank, all of the dolphins gather 
in a group, with mother and offspring in the middle with a protective female. 


We observed (Bel'kovich, Krushinskaya, Gurevich, 1969), the relationship 
between an adult female (apparently the mother) and a yearling that persistently 
swam around her after being captured. For the first few months after capture, 
the two were almost inseparable. The juvenile would leave the mother only 
for brief periods of play (10-15 minutes) with other juveniles. The female 
often played with this young dolphin. Play consisted of pursuing one another, 
gently biting the fins, rubbing against one another with the rostrum (such 
play resembles the behavior of a cat with its kitten). At one time, the 
juvenile was put in another tank. After this, both dolphins refused to eat 
for the 3 days they were separated. Alarm signals were heard all of the time. 
The young dolphin had to be returned to its mother because there was a fear 
for its life. After 4-5 months, the juvenile was seen in the company of other 
dolphins and adult females more often. Eight to nine months after being cap- 
tured, it had very little contact with its mother. On the other hand, accord- 
ing to the report of Essapian (1953), contact between a mother and offspring 
born in the oceanarium lasted for years. For example, in case of danger, 6- 
year-old Spray and 4-year-old Alga always sought protection by their mothers. 


It is also known that a mother and offspring separated for 3 years 
recognized one another when reunited. No doubt, when young dolphins stay 
with their mother for a long time, the conditions are particularly beneficial 
for learning and emulating the experience of adults. There are numerous 
observations in the wild indicative of a strong parental instinct in cetaceans. 


Instances of assisting their wounded offspring have been described for 
both baleen and toothed whales (Moore, 1955; Hubbs, 1953; Tomilin, 1935, 1938, 
1969), and apparently such behavior is typical for all these animals. It is 
difficult to draw a distinct line between manifestation of maternal instinct, 
in the narrow sense of the word, and the more complex higher forms of relations 
between mother and offspring, evolving into mother love, mutual devotion and 
attraction, which are typical for higher primates and which constitute 
important adaptations assuring successful survival in complex relationships 
with the environment, 


However, it can be considered that, in cetaceans, on the basis of mater- 
nal instinct, higher forms of relations develop between parents and offspring. 
The distinctions of these relations in different groups of cetaceans have not 
yet been sufficiently investigated. 
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C. Epimeletic and Cooperative Behavior in Adult Cetaceans 


One of the most typical features of group behavior of all cetaceans 
is collaboration and epimeletic behavior among adult specimens manifested in 
the most diverse forms. Healthy specimens assist an animal requiring help 
regardless of sex and age. Numerous direct observations of captive dolphins 
and other cetaceans in the wild constitute vivid proof of this (Tomilin, 1935, 
1957, 1969; Zenkovich, 1952; Moor, 1955; Caldwell, 1956; Siebenaler, Caldwell, 
1956; Slijper, 1962; Bel'kovich et al., 1969, and many others). 


As a rule, assistance to injured and sick animals consists of having 
one or several healthy animals support the one in trouble, pushing it up to 
the surface from time to time to take a breath.Such aid may last several hours 
to a few days, until the injured animal is able to swim and breathe without 
assistance. There are different ways in which the injured animal is pushed 
to the surface (Figure 202). 





Figure 202. Different forms of epimeletic behavior in dolphins 
(according to Caldwell, Brown, Caldwell, 1963; 
Tomilin, 1967). 


During the breeding period, many cetacean Species reveal marked attach- 
ment of males to females. Whalers ofteu take advantage of this attachment. 
For example, it is known that when hunting for large whales one should first 
harpoon a female, since the male will not abandon her and will follow her for 
a long time, thus making it easier to kill him also. There is aiso strong 
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attachment of males to females in killer whales, porpoises, gray whales, common 
dolphins (Andrews, 1914; Tomilin, 1935, 1969; Slijper, 1962, and others). 


Sperm whales render aid in a group to a wounded animal, arranging them- 
selves like the petals of a daisy, and pushing up the injured animal that is 
in the middle. Interestingly enough, cetaceans render assistance not only 
to their own kind but also to other species. For example, a pilot whale once 
attempted to help a dead Stenella [blue dolphin] (Caldwell, Brown, 1964). K. 
Norris and R. Prescott (1961) observed two common dolphins helping a dis- 
tressed Dall's porpoise. 


The "pushing up" reaction is manifested not only with regard to speci- 
mens of another species, but also dead offspring and even inanimate objects 
(McBride, Kritzler, 1951; Moore, 1955; Tomilin, 1969, and others). It isa 
very useful and important adaptation of cetaceans to aquatic life, since a 
distressed animal is threatened by asphyxia first of all. This instinct to 
help the distressed is so strong in cetaceans that it often suppresses the 
self-preservation instinct. But can one attribute epimeletic behavior in a 
cetacean group only to blind instinct, unconditioned, automatic reaction to 
the sight of an immobile body or distress signal? 


Analysis of all the existing data indicates that cetaceans do not give 
help in all cases. Thus, according to the observations of A.G. Tomilin (1935), 
female gray whales do not help injured males. The males of this species have 
rescued distressed females. A. Johnsgard and 0. Nordli (1952), and W. Schevill 
(1956) observed several schools of white-sided dolphins (Lagenorhynchus) and 
did not note a single instance of help to harpooned animals. There are obser- 
vations (Bel'kovich, Krushinskaya, and Gurevich, 1969) that a male bottlenose 
dolphin did not help a female of the same species that was dying, and even 
tried to stay far from her, even though she constantly emitted distress signals. 
In other situations, in the same tank, dolphins of the same group actively 
helped distressed animals. 


We see from these examples that cetaceans help their own kind in a rather 
differentiated way, and one could hardly reduce this form of behavior merely 
to a simple automatic, unconditioned reaction. The instances of pushing 
inanimate objects to the surface, which are usually cited as one of the most 
convincing arguments in favor of such an instinct, could be just as logically 
attributed to the playful behavior of the animals, which is so typical for 
toothed whales (see below). 


But all these numerous observations of cetacean behavior do not yet 
allow us to comprehend the conditions and reasons for rendering assistance, 
or for leaving a wounded or sick animal to fend for itself, abandoned by 
its comrades. This matter requires serious investigation. 


Probably, the answer to this question will be related to differentiation 
between forms of instinctive and elementary reasoning activity (Krushinskiy, 
1960), and further observations of cetaceans will definitely help obtain some 
new and interesting material to solve this problem. 
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D. Feeding Behavior 





Collaboration and cooperation in a school of some toothed whales are 
rather well developed while hunting for food. 


Caldwell (1955) reports that spotted dolphins can form large schools to 
attack cuttlefish. The Pacific pilot whale is also known for its coordinated 
actions in a school while hunting for food (Scheffer, Slipp, 1948). There is 
distinct organization in a group of killer whales attacking other marine 
mammals, that are always united. Porpoises surround a school of fish when 
hunting for food (Evans, Bastian, 1969). At the same time, in other instances, 
toothed whales, for example bottlenose dolphins, sperm whale, common dolphins, 
may separate while feeding and display no specific behavior (Norris, Prescott, 
1961). 


In captivity (Edwards, Livingstone, 1960; Norris, Prescott, 1961), 
dolphins "demonstrate competitive rather than cooperative behavior" when feeding. 
The more active, aggressive animals get more fish; for a few days, new arri- 
vals in the tank do not get any food at all. On the other hand, in the group 
of bottle nose dolphins under our observation, young animals were the first 
to get fish. Adult dolphins did not try to take food away from the young. 


Competition in the form of play among dolphins was observed only when 
they were hand fed. They would submerge one another, put their belly on their 
neighbor's head, but there were never any fights. 


The feeding behavior of baleen whales that consume chiefly plankton is 
quite uniform, They swim with the mouth open, collecting a large amount of 
plankton. It has been observed that when feeding on schools of fish, fin whales 
gather together, and they scatter when crustaceans are their food. The gray 
whale immerses rapidly and creates a so-called funnel by hard thrusts with 
its flukes, so that plankton concentrates there as a result of the vortex of 
water. It is assumed that the whale creates such funnels deliberately to 
make feeding easier (Tomilin, 1957, and others). 


Some investigators relate the frequently observed leaps and blows on 
the water thurst by the tail to stunning fish corralled in one place or to 
removal of parasites. However, A.G. Tomilin (1957) observed leaps in whales 
free of parasites, and he justifiably believes that it would be impossible to 
get rid of parasites in this manner, since it is even difficult to remove 
cetacean lice with tweezers. Probably his opinion is the most substantiated 
from the biological point of view: the leaps are an expression of the animal's 
excited state. 


E.. Play Behavior in Cetaceans 





Curiosity and playfulness are the two main features of dolphins that 
are observed by all investigators who have studied the behavior of toothed 
whales in oceanariums. Indeed, dolphins spend almost all of their time, 
aside from resting and eating, in play, and their play is remarkably diversi- 
fied. In all probability, the extremely developed inquisitiveness and play- 
fulness prompt representatives of many cetacean species to spend hours leaping 
near ships, sometimes endangering their lives, and to establish contact with 
man in their natural habitat. 
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Many investigators have studied the play behavior of dolphins in capti- 
vity (Townsend, 1914; McBride, Hebb, 1948; Caldwell, 1956; Andersen, Dziedzic, 
1964; Tavolga, 1966; Caldwell, 1968: Bel'kovich, Krushinskaya, Gurevich, 1969, 
and others). The following descriptions are based on these works, as well as 
our own observations in the wild and in captivity. 


The neonate bottlenose dolphin begins to be playful at the age of 2 weeks. 
While its mother rests, the baby tries to join other adult dolphins, partici-~ 
pate in their play, play with fish, ete. It is interesting to note that imita- 
tive behavior is storngly developed at this time in the young dolphins; this 
is significantly involved in development of play behavior. 


Of course, juvenile dolphins play more often with one another than with 
adult dolphins; usually one of them, the most inquisitive, bold, and active one, 
is the initiator, and the others follow it, trying to imitate everything it 
does. Dolphins may play singly, in pairs, or in a group, and they gladly 
begin to play with humans that take care of them. 


Dolphins often chase one another in the tank for long periods of time, 
engaging in so-called mock battles. One may bite another, strike it with the 
tail, hold it against the wall, submerge it, but no serious fights occur. 

When someone feeds or pets one of the dolphins at the edge of the tank, the 
other dolphins begin to shove it away, and fights develop for the privilege of 
being petted. 


While feeding, one dolphin may push the others apart and grap fish from 
under the nose of another, then drop it right away. Then again, it tries to 
grab the fish, apparently merely for the fun of it, 


The dolphin's skin is very sensitive to contact (see Chapter 11); dol- 
phins are fond of rubbing ag ainst various objects, and for this reason special 
scratchers consisting of several brushes are installed in tanks. If there are 
no special devices, they use the dividers ‘' in the tank, which are covered 
with soft porolon, for this purpose (Figure 203). When water is pumped into 
the tank, dolphins are very fond of diving under the stream of water. 


Another form of behavior is observed which could probably be considered 
play. Dolphins "stand on their head" in the tank and rhythmically hit the 
water with their tail. This form of play and short rhythmic leaps, accompa-— 
nied by thrusts with the tail on the water resemble, in the opinion of McBride, 
the rhythmic stamping in the dancing of chimpanzees. 


According to the observations of many researchers, the favorite and 
most natural object of play for most dolphin species are fish that inhabit the 
tank. One can observe how young dolphins play with live fish, catching them 
in the mouth and then letting them go, chasing them into piles of rocks, then 
chasing them out again by different means. They shove the fish with their 
nose to make it swim faster (Essapian, 1953). 


Young bottlenose dolphins play with turtles in a tank (Figure 204). 
After turning a turtle on its back, they push it toward the opposite wall of 
the tank. They often participate in play with a pelican, teasing it, then 
dashing away from it (Caldwell, 1956). 
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Figure 203. Vasilisa (Tursiops truncatus) swimming over a divider 
always tried to rub her belly on the soft porolon covering 


We observed a male common dolphin playing with a piked dogfish. He 
would carefully hold the fish's belly in its jaws and drag it around the tank, 
immersing it, throwing it up in the air, stroking its belly with his snout, 
etc. Another favorite occupation of his was to play with dead fish. Swimming 
with his belly up, the dolphin created eddies of water that would lift the 
fish from the bottom, then, maneuvering skillfully with his pectoral flippers 
and tail, he would push it toward the surface and catching it with his nose 
would juggle it in the air. 


Porpoises also play with fish or starfish. They lift the starfish from 
the bottom and throw it above water. Play with algae consists of catching 
the algae with the dorsal fin and pulling them in long streamers all over the 
tank. The Amazonian Inia also plays with small objects in the aceanarium: 
sticks, pieces of vegetation, dead fish. The most popular game was to push 
a stick to the surface of the tank and chase it (Layne, Caldwell, 1964). 


A pilot whale played with small objects in the tank: sticks, various 
fragments, smoking pipe (let us recall that the pilot whale is one of the 
largest dolphins in captivity). As she came close to the eddy formed by the 
drain, the female pilot whale would release the object from her mouth and chase 
it as it was carried toward the eddy. , The pilot whale did not play with 


- 370 - 


inflated balls. Imitating the bottlenose dolphins, the pilot whale (Globice- 
phala melaena) would grab a rubber ring in its teeth, dive to the bottom with 
it, then throw it and chase it, until it floated up on the surface of the tank 
(Kritzler, 1952), 





Figure 204. Bottlenose dolphin playing with a turtle. Photography 
by the Maryland Oceanarium 


However, it is certain that bottlenose dolphins are first among captive 
cetaceans with respect to diversity and complexity of play behavior. Their 
natural mobility and playfulness, combined with a highly developed capacity 
for imitation and learning, has given them the reputation of first-class circus 
performers. Eottlenose dolphins make use of literally any object, even one 
that would seem absolutely unsuitable for play at first glance: pieces of 
foam plastic, wooden rings, sticks, rags, pieces of fish, etc. Dolphins 
would wrap pieces of bandage or tape around their snout and forge ahead, then 
Move these tapes to the flipper, from there to the tail, and vice versa. As 
a rule, several bottlenoses would participate in such play, each of which 
tried to capture the toy. When the pursuer would catch up with the animal that 
had the tape, it would throw the tape to one side and it would be picked up 
by one of the other dolphins, and not the immediate pursuer; after this, the 
pursuit would be resumed with new vigor and daring (Figure 205). 
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Figure 205. Group play --— three bottlenose dolphins competing for a 
ring. Photography by V.M. Bel'kovich 


Dolphins throw a small ball up in the air, immerse it with their snout, 
then holding it in the mouth, chase all over the tank (Figure 206). They play 
simitarly with pieces of foam plastic or porolon of different sizes. When 
playing with rubber or wooden rings, the dolphins put them on their snout and, 
after diving, release them at the bottom, chase them up to the surface, then 
put them on their nose and turn them like a "hoola hoop" or else can throw 
them far away. Such play is usually associated with diverse sounds: clicks, 
snaps, squeaks, croacks, mews, etc. 


Perhaps one of the most interesting forms of play in bottlenose dolphins 
is fetching objects thrown in the water. Many circus acts are based on the 
fetching behavior of bottlenose dolphins. Hardly any preliminary training is 
required for this (Bel'kovich, Krushinskaya, Gurevich, 1969); one only had to 
throw a ring or ball in the tank a few times for the dolphin to begin to 
bring it back readily (Figure 207). It is important to note that a food reward 
was not always required; the impression is gained that the actual procedure 
amused the animals. It is interesting to note that when we began to reward 
the return of the toys with food, the dolphins immediately changed the feeding 
process into a game. This is how it would proceed: after returning the ring 
to the trainer, the dolphins (bottlenose) would lift half their body above 
water with mouths open, obviously demanding fish, making loud clicking and 
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smacking sounds; the experimenter had to throw the fish exactly in the mouth; 
if the fish fell next to the head or even touched the animal's head, it would 
be disregarded. 





Figure 206. Malysh, bottlenose dolphin, playing with a ball. 
Photography by A.A. Kulikov 


Bottlenose dolphins always try to add diversity to any game. When 
they return a ring, they carry it either on the rostrum, or a fin, or else 
they hold it between the fin and body. There are cases when they swim up to 
the edge of the tank on their back, carrying the ring on their belly in an 
utterly “unnatural” position. 


Dolphins usually throw the ring directly to the experimenter, and for 
this they first rotate it on their long rostrum once or twice. If there is a 
change in water level in the tank, the dolphins alter the distance from 
which they throw out the ring. The less water there is in the tank (and the 
lower the dolphins are in relation to the person standing at the edge of the 
tank), the farther away they swim, aiming exactly to reach the person with the 
ring. 


Trainers have repeatedly described the ability to reach a target exactly. 
A good example is playing basketball, one of the favorite circus acts with 
dolphins in the USA and Japan. The ability of dolphins, after jumping 6 meters 
out of water, to grab a cigaret from the trainer's mouth is truly amazing! 
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If angry (or in order to attract attention), dolphins will splash water 
on a person by slapping the water hard with their tail. They always figure 
out exactly the angle at which the fluke should hit the water, as they swim 
by an individual, so that the latter will be in the middle of the splash. 


Some rather substantial differences are detected when different dolphin 
species are kept together and it is possible to make exact observations of 
their play behavior. A common dolphin held in captivity for more than 2 
years with a bottlenose dolphin never did learn to play with the objects that 
the bottlenose dolphin favored (rings, balls, rope, and others). This male 
common dolphin would play for long periods of time only with dead fish and live 
piked dogfish. Several times, he was observed to attempt to push with his 
nose a floating match, leaf, twig, but this play was obviously of an incidental 
nature. At the same time, when the play involved fetching objects by two 
bottlenose dolphins (twice the size of the common dolphin), the common dolphin 
consistently tried to participate: usually all three would chase after a 
thrown ring. Since the common dolphin swims faster than the bottlenose, he would 
be first to reach the ring and, after almost touching it with the snouth, would 
make a sharp turn. As soon as one of the bottlenose dolphins swimming behind 
the common doiphin captured the ring, the common dolphin would immediately 
join. the former and swim side by side. After the bottlenose returned the 
ring to the experimenter, the common dolphin would also beg for fish for "a 
job well done!" (Figure 207). 





Figure 207. Vasilisa (Tursiops truncatus) returns the ring to the 
experimenter and Slavka (Delphinus delphis) also demands 
a reward for it. 


It would seem that we could assume, in this situation, that Slavka is 
afraid of the bottlenose dolphin and for this reason does not take the ring. 
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However, when it is alone, it would also swim each time to an object thrown 
in the water but would make no attempt to manipulate with it or return it to 
the trainer. 


Since real games with objects are inherent only to animals with a 
rather highly organized central nervous system (primates, Carnivora, cetaceans), 
one would think that the set of objects animals use and the diverse manipulations 
with them could be, to some extent, criteria of the level of mental development. 
We believe that precise experiments could be pursued in this direction. 


Some forms of bottlenose dolphin play definitely demonstrate their 
ability to solve elementary logic problems instantaneously. A. McBride and 
H, Kritzler (1951) describe an interesting reaction of a young dolphin in the 
following situation: the dolphin was engaged in a game, throwing back a pelican 
feather that had been thrown to it. But, once, the feather thrown by the dolphin 
did not reach the person and became stuck to the wall of the tank, above the 
water level. Of course, the dolphin could not displace the feather by touching 
it; then the dolphin rose above the water level and dove back quickly, to create 
a steep wave that washed off the feather. The dolphin remembered this solution 
and made frequent use thereof in subsequent games, 


D. Brown and K. Norris (1956) were the first to describe instances when 
dolphins retrieved Murena hidden in a crevice at the rocky bottom. One of the 
dolphins, that swam away to one side, grabbed a scorpion fish (which has long 
poisonous barbs) and carefully holding this fish in its mouth, poked it into 
the crevice, barbs forward, to the place where the Murena was hiding. The 
Murena soon swam out of its shelter which had been inaccessible to the dolphin. 


Other forms of play have also been observed, which also require a high 
level of mental development (McBride, Kritzler, 1951). For example, a young 
male bottlenose dolphin, less than 1 year old, would catch red grouper with 
bait. The juvenile dolphin would put a piece of fish or mollusk near a fissure 
in the rocks inhabited by the grouper and then swim away. As soon as a grouper 
appeared to take the bait, the dolphin swam rapidly toward it and grabbed the 
bait; the grouper, of course, would swim back in the crevice, and the game 
would be repeated. 


Here are other examples. A female bottlenose dolphin used a jet of 
water to play with a pelican feather. She would drop the feather in the eddy 
formed next to the jet, swim back, then, with her mouth open, would wait for 
the feather to be carried in the mouth with the flow of water. D. Caldwell 
(1956) described obviously deliberate removal by a bottlenose dolphin of a 
turtle from the feeding area to a remote corner of the tank after the turtle 
had competed with the dolphins in getting fish from the attendant. 


Games, as P. Kropotkin writes (1922), are an expression of the desire 
to communicate in some way or other with other specimens of the same or another 
species. There is the popular opinion that animal play is essentially 
educational. While playing, animals become acquainted with environmental ele- 
ments, and this prepares them for appropriate behavior when they are mature. 
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The higher the level of organization of an animal's central nervous 
System, the greater the share of play activity in its behavior. Dolphins 
spend more time on play than any other mammals, and this definitely character- 
izes the exceptionally high level of emotional behavior. How directly this 
behavior is related to level of mental development will be shown by future 
research, , 


With reference to the composition and structure of the herd and groups 
of cetaceans, we can note that the vast majority of cetacean species are 
animals that live in groups and that present overt seasonal differentiation of 
herds according to sex and joining of groups during the breeding period, 
migration, and feeding. In some of the toothed whale species studied, the 
female is the basis of the herd with offspring of different ages around her. 
Such a maternal family may persist for several years, and this has great biolo- 
gical meaning, since beneficial conditions are created for rearing and trans- 
mitting experience to young dolphins. 


However, the facts at our disposal concerning the composition of herds 
and groups of cetaceans do not allow us to describe fully and clearly all of the 
reorganizations and changes in composition of a herd that occur over a period 
of several years. 


We can form an idea about the structure of a herd of cetaceans, social 
relations between the specimens it contains, durability and duration of ties, 
and other behavioral distinctions mainly on the basis of studying some dolphin 
species in captivity. But, it should be noted that one cannot apparently 
always judge the social organization of cetacean groups existing in the wild 
by the ties and relations that are established in captivity. 


In spite of all the difficulties involved in systematic investigation 
of the behavior of marine mammals, the definite opinion is formed that most 
cetaceans (and particularly dolphins) can be characterized as animals with 
distinct social instinct. 


The most vivid social ties in cetaceans are manifested in epimeletic 
behavior of adult specimens. The attachment of offspring to mothers for many 
years and the very marked maternal instinct, which apparently changes into 
mutual attachment and affection, puts cetaceans on a par with primates and 
other higher mammals. The amazing playfulness of some dolphin species, the 
complexity of their play behavior, and the diversity of contacts with man can 
serve, to some extent, as a criterion of the high degree of their mental 
development. 


In spite of the fact that the question of relationship between level of 
development of reasoning activity and degree of sociability of animals has not 
been worked on at all, it is opportune to pose this question. The impression 
is gained that there are some grounds for considering animals that have a 
highly developed intellect (for example, dogs, anthropoid apes, elephants) 
to be quite sociable. 


Evidently, there is every reason to add dolphins to this same group of 
animals. 
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Chapter 16 


AGE AND GROWTH 


In the last decade, enormous attention has been given to questions of 
exact determination of the age of cetaceans. This is being done chiefly in 
order to obtain initial data to assess the age structure of cetacean popula- 
tions in connection with the intensification of whaling. On the biological 
level, these methodological questions are closely related to the problem of 
postnatal development of whales.* 


I. Age Determination 


All methods for determining the age of animals can be divided into 
two categories: determination of relative and absolute age. The former 
determination, for example, age determination according to body size and 
tooth erosion, makes it possible to divide a sampling of specimens into sev- 
eral groups and to arrange them in order of increasing age: the age of each 
specimen can be assessed only relatively, i.e., one can state that one speci- 
men is older or younger than another. The methods of determining absolute 
age permit stating with some degree of accuracy the age of each individual 
animal. For this reason, the latter method is preferable for most studies. 
Efforts to find methods to determine absolute (rather than relative) age 
were initiated much sooner with reference to cetaceans than other mammals, 
and this was related to the need to evaluate precisely the number of speci- 
mens referable to the commercial species. 


However, in spite of the numerous works on this subject, there is 
still no method of determining absolute age that would raise no disagree- 
ment for either toothed or baleen whales. 


At present, there are three main groups of methods used to determine 
the absolute age of whales: determination of the age of baleen whales 
according to the shape of the baleen and layers in ear plugs; determination 


*This chapter was written by G.A. Klevezal', Candidate of Biological Sciences 
(Laboratory of Postnatal Ontogenesis, IBR [Institute of Fish Biology?], USSR 
Academy of Sciences). 
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A. Determination of Baleen Whale Age 


The configuration of the baleen plate, presence of ridges and furrows 
(i.e., periodic changes in thickness of the baleen plate) have interested 
investigators since the late 19th century. J. Ruud (1940, 1945) and A.G. 
Tomilin (1945) analyzed this configuration and established the following. 
The changes in thickness of the plates are periodically repeated, and one 
can distinguish a specific cycle of repetition, the "pace," or "annual 
wave"; the nature of the cycles is the same in all plates; evidently, each 
period consists of fluctuations in thickness of the plate within the year, 
and the number of cycles correlates with the specimen's age. 


As a result of several investigations (Nishiwaki, 1950a, 1952; Ruud, 
1958; Chittleborough, 1959, 1960a; van Utrecht, 1965; van Utrecht-—Cock, 
1965; Ichihara, 1966; van Utrecht, van Utrecht-Cock, 1968), the morphological 
basis and accuracy of this method have been determined, and the details of 
its use have been developed. 


As indicated in Chapter 4, the baleen plate is submerged in the gin- 
gival epithelium and consists of a medullary and cortical layer. The medul- 
lary substance is represented by tubes of different thickness with adhesive 
substance between them. The changes in thickness of a baleen plate are 
determined, according to W. van Utrecht (1965), by changes in thickness of 
the cortical layer; and in the opinion of T. Ichihara (1966), they are deter- 
mined by changes in thickness of the medullary layer. Formation of a cort- 
ical layer of a specific thickness occurs within a very circumscribed part 
of the gums at the very early stage of formation of the cortical layer; 
thereafter its thickness does not change (see Figure 53). Consequently, 
formation of specific configuration distinctions referable to the cortical 
layer occurs at a very specific time, which justifies using these distinc- 
tions for the purpose of determining the age of the specimen. 


From the methodological point of view, it is not important to know 
which layer is responsible for the formation of thickened areas in the baleen 
plate; what is important is that such increases in thickness occurred within 
a relatively short time. 


Long ago it had been suggested to replace visual isolation of ridges 
and furrows with a graphic representation of the changes in plate thickness 
to determine age according to baleen plates. J. Ruud (1940) used a special 
device in which the thickness of the plates was measured using two balls: 

a fixed one placed under the plate and a movable one on top of the plate 
and connected to a special recording device. As a result, a tracing was 
obtained on paper that reflected ali changes in thickness of the baleen 
plate. A generally similar principle of recording the configuration of the 
baleen plate was used by M. Nishiwaki (1950). T. Ichihara (1966) describes 
a method of obtaining a photograph of a longitudinal section of the entire 
plate, which permits tracing the changes in thickness of the plate and of 
its layers. 
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> Se — tag Figure 208. 
rl Changes in thickness of free part of 
baleen plate of female Balaenoptera 
1, physalus from the Antarctic. 
, ' Top: longitudinal shaving of baleen 
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- Bottom: tracing of changes in plate 
h thickness (Ichihara, 1966) 


At any rate, when determining age according to the configuration of 
the baleen plate, the investigator distinguishes the "annual wave" Or "growth 
periods") on the graph of thickness changes rather than on the plate itself 
(Figure 208). 


The periodic changes in thickness of the baleen plate are noted in 
virtually all baleen whales. J. Ruud (1940, 1945) and A.G. Tomilin (1945) 
assume that each period of growth on the plate corresponds to a year in the 
life of the specimen. It was established that these periodic changes are 
similar on different plates of the same specimen, but that the larger plates 
contain more such periods than the smaller ones. The first investigators 
based their conclusions on the annual nature of periodic changes in plate 
thickness on studies of baleen plates of nursing specimens and comparison 
of the periodic changes in baleen thickness to periodic migration and famines 
among whales. 


Subsequent examination of the baleen plates of a humpback that had 
been marked in the second year of life and caught 5 years later (Chittle- 
borough, 1960b), as well as a humpback marked in the second year of life 
and caught 19 months later (Dawbin, 1959), confirmed the fact that the 
number of growth periods on the plate corresponds to the number of years 
of age. When determining age by this method, the periodic changes in 
configuration of the free-hanging part of the baleen plate are counted, 
and due consideration is given to the fact that in the part of the plate 
concealed in the gum is presented approximately another half growth period. 
C. van Utrecht-Cock (1965) demonstrated that even in young animals there 
could be 0.5 to two growth periods in the part of the baleen plate hidden 
in the gum; with increase in animal length, there is also an increase in 
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Table 64. Feasibility of exact age determination of rorquals according to 
baleen plates 
Range of age determination 


Species according to baleen plates Author 
Balaenoptera musculus Up to 6 years Ruud et al., 1950 
No more than 7-9 years Nishiwaki, 1952 


Precisely to 3 years, 
occasionally to 4-5 years Ruud, 1958 


Balaenoptera physalus First 2-4 years Ruud, 1958 
No more than 6-8 years Nishiwaki, 1952 
Most accurate to 3 years, 
occasionally 4-5 years Ruud, 1958 


Through 4 years Van Utrecht, 1965; Ichihara, 
1966 
Balaenoptera borealis First 3-4 years Ruud, 1945 
Megaptera nodosa First 5 years Chittleborough, 1959, 1960a 
Up to 4 years Robins, 1960 
Balaenoptera acutorostrata Poor baleen sculpture Sergeant, 1963 


number of growth periods in the part of the baleen plate concealed in the gum. 
To count these hidden records of growth periods, one has to make a longitud- 
inal incision of the hidden part of the plate along with the gingival tissue 
surrounding it so as not to injure the sculpture of the baleen plate. On 
such a section, all sculptural variations are apparent. Thus, according to 

C. van Utrecht-Cock, not only is a longer plate available to analysis, but 

it also becomes possible to inspect the end of the cortical layer at the 

base of the root of the baleen plate, which is a record of the only exactly 
recorded moment in the whale's life, the date of its death. 


Unfortunately, a count of growth periods on the baleen plate furnishes 
rather precise age determination only with reference to young specimens. 
With time, in the course of wearing of the lower part of the baleen plate, 
the first growth periods disappear, and from this time on only the minimum 
age of a specimen can be determined according to the number of growth periods 
on the plate. Usually, the record of the first year of life on the plate is 
completely worn down by approximately 3-4 years of age, but occasionally 
later (Table 64). 


C. van Utrecht-Cock (1965), who determined the age of fin whales 
according to the growth periods on the baleen plate, suggests that one be 
guided by the “record” of the end of lactation -- "the double wave" (two 
approximated peaks on the tracing); if more than four growth periods are 
visible on the baleen plate, but the mark indicating end of lactation is 
not yet worn off, the plate can be used to determine the exact age of the 
specimen. T. Ichihara (1966) bases himself on the neonatal mark -- a 
special change in thickness of the baleen plate that coincides with a growth 
period for the specimen. 
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Figure 209. Diagram of growth of ear plug in baleen whales (a) and 
longitudinal section of left and right ear plugs in an 
adult female Megaptera novaeangliae (b) showing the 


Povena: layers (Ichihara, 1959; Chittleborough, 1959) 


GF) glove-finger OC) external ear plug layer C) ear plug core 


In view of the fact that the question of number of growth periods 
formed on the plate in a year does not raise any argument, the counting of 
such periods is made not only to determine the age of young whales but also 
to corroborate another method of determining the age of baleen whales, 
counting the number of layers in ear plugs. 


The method of determining age of baleen whales according to laminations 
in ear plugs was proposed by P. Purves in 1955; later on, there were several 
works dealing with his suggestion (Purves, 1958, 1960; Laws, Purves, 1956; 
Purves, Mountford, 1959; Nishiwaki, 1957; Nishiwaki et al., 1958; Chittle- 
borough, 1959, 1960a, b; Ohsumi, 1962, 1964; Ichihara, 1959, 1964, 1966; 

Roe, 1967), but nevertheless we cannot yet consider this method to be well 
developed. 


The structure and growth of ear plugs are discussed in the works of 
T. Ichihara (1959, 1964, 1966) and J. Roe (1967). The laminar substance 
of the ear plug consists of an epidermal derivative, so-called glove~finger, 
which protrudes in the external auditory meatus from the tympanic membrane 
(Figure 209). The degenerated glove-finger cells containing various fatty 
substances form a clear layer in the ear plug, while the keratinized cells 
form the dark layer. In the dark band, the cells are also larger than in 
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the light band. Degeneration of the epidermal cells of the glove-finger and 
formation of laminae in the ear plug begin at the embryonic stage (in the 
fin whale, for example, at 6.5 months of prenatal development), and this 
continues throughout the whale's life. Ail the degenerated cells of the 
glove-finger epidermis remain in the meatus for life. 


Usually, the laminations in the ear plugs are counted visually on a 
longitudinal section of a plug. One light and one dark band are considered 
a lamina. T. Ichihara (1963) proposed a photometric device that could be 
used to obtain a curve describing the density of each band and changes in 
optic density over the entire length of an ear plug. On such a curve, the 
ascending portions represent the light portions, and the descending portions, 
the dark bands. 


In the fin whale embryo, the light band of the ear plug is formed 
during the period of increased growth rate of the embryo (Ichihara, 1966). 
At present, the concept that the differences in structure of the ear plug 
bands are related to differences in nature of growth of epidermal cells is 
generally accepted. P. Purves (1955) believed that growth of the plugs is 
retarded during migrations, i.e., twice a year, so that two layers are formed 
in 1 year. Subsequent works first corroborated the formation of two ear 
plug laminae per year (Purves, 1958; Dawbin, 1959; Chittleborough, 1960b). 
Later on, however, works began to appear contradicting this hypothesis. 
S. Ohsumi (1962) examined the ear plugs of fin whales that were captured 
20 years after being marked: there were less than 40 laminations on the 
plugs of all the whales. After analyzing the results of marking the whales 
and comparing the number of laminations in the ear plug to the number of 
ridges on the baleen plate before it began to wear down, S. Ohsumi (1964) 
concluded that the fin whale forms one lamination a year (one dark and one light 
band) in the ear plugs. T. Ichihara (1966) studied the growth of ear plugs 
in young fin whales and the formation of the next plug band in finbacks 
captured during a 6-month whaling period. He concluded that in young whales 
there is annual formation of 1.5 laminations; one layer per year is formed 
in the period from onset of sexual maturity to physical maturity; after 
physical maturity, the rate of production of ear plugs perhaps increases 
again. J. Roe (1967) examined ear plugs of fin whales captured in the 
course of a year in different parts of their migration route and showed 
that one lamination is formed in the plug per year. 


It is difficult to indicate the reason for the above discrepancies. 
The most amazing thing is that the proponents of both the first and second 
points of view compare the number of laminations in the plugs to the number 
of growth periods on the baleen plate and examination of marked whales as 
evidence. It is quite possible that different investigators counted the 
laminations somewhat differently, as was the case in studying the teeth 
of sperm whale (see below). T. Ichihara (1963) writes that 35 ear plugs 
were counted independently by R. Laws, G. Pike, and T. Ichihara; their 
results coincided when the laminations were distinct in the plugs. 
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Figure 210. Correlation between age determined by baleen plates 
and number of laminations in ear plugs of young Megaptera 
novaeangliae (Chittleborough, 1959) 


We find it possible to offer the following explanation for all these 
contradictory facts. Within the annual lamination of a plug, in addition 
to the usual dark band, there may be a second band, the distinctnessof which 
varies. In those cases when it is distinct, one observes the formation of 
two laminations per year. This additional band may be: 1) always distinct 
in some species and not in others (for this reason, for example, the material 
gathered from marked humpbacks corroborates formation of two laminations per 
year, and material from the fin whale -- one layer); 2) varying distinctness 
at different ages (as indicated by the above data of T. Ichihara); 3) vary- 
ing distinctness even in animals of the same age (as indicated by the data 
of R. Chittleborough, 1960b, dealing with distribution of laminations in 
plugs as related to the number of annual growth periods on the baleen plate 
of humpbacks) (Figure 210). The situation is made even more complex because 
the methods of counting the indistinct laminations by different investigators 
are inevitably somewhat different. 


In order to work out a standard method of age determination according 
to plug laminations, not only do we need further investigation of the rate 
of lamination formation, but also broader exchange of material in order to 
standardize the technique of counting laminations. 


B. Determination of Toothed Whale Age 





The method of age determination in toothed whales according to layers 
in dentine was first developed for the sperm whale independently by 
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Figure 211. 
Longitudinal section of tooth of adult 
Physeter macrocephalus male from the 
Antarctic. Reflected light; photography 
by G.A. Klevezal' of preparation by 
D.D. Tormosova 





M. Nishiwaki et al. (1958) and A.A. Berzin (1961); later on,it was developed 
for the beluga (Sergeant, 1959; Khuzin, 1961, 1963) the pilot whale, bottle- 
nose (Sergeant, 1959), and common dolphin (Kleynenberg, Klevezal', 1962). 


In the course of tooth growth, layers are formed in dentine that are 
calcified to different extents, and for this reason they have different 
optical density. Deposition of dentine layers continues until the pulp 
cavity closes, which occurs at a very late age in whales. In some whales, 
for example, the sperm whale, deposition of new layers of dentine occurs 
at an angle to the longitudinal axis of the tooth, in the shape of a fir 
tree, so that the pulp cavity is gradually moved toward the bottom part of 
the tooth; in others (common dolphin, pilot whale), the dentine is deposited 
approximately parallel to the longitudinal axis of the tooth, and the pulp 
cavity first narrows at the bottom and then becomes filled with dentine in 
the middle. In order to count all dentine layers in the former type of 
teeth, one has to make a longitudinal section of the tooth; in the latter 
type of teeth, all layers are visible both on longitudinal and cross-section 
through the middle of the tooth. 


By decision of the International Conference on Questions of Age 
Determination in Whales, which convened in Oslo in 1968, two adjacent bands, 
one clear and one opaque, are called one layer of dentine. Im indirect light, 
the clear dentine band appears dark, and the opaque one appears light (and 
vice versa in transmitted light). One can count the dentine layers on a 
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longitudinal section of the tooth polished on one side, in reflected light, 
if the layers are distinct enough (Figure 211). 


It was suggested that the distinctness of the dentine layers be 
improved in the sperm whale by treating the polished surface of the half- 
tooth for 30 hours with 5% formic acid (Bow, Purday, 1966) or 10% formic 
acid (Gambell, Crzegorzewska, 1967). 


We consider it better to count the layers in the sperm whale tooth 
by the method described by D.D. Tormosov (1969). Two parallel cutters on a 
special device are used to cut out of the middle of the tooth a plate sev- 
eral millimeters in thickness, which is then polished on one side. The 
layers are then counted either in reflected light or in a narrow beam of 
transmitted light, moving the section in relation to the beam. With this 
method, the layers are detectible as well (and sometimes even better) as 
on acid-treated polished sections; at the same time, it is convenient to 
store such plates. 


Fine polished sections are also used to count dentine layers in the 
teeth of small cetaceans; they are examined in transmitted light (Sergeant, 
1959; Rebach, Corneil, 1968), or else one can obtain fine sections of 
decalcified teeth and stain them with hematoxylin and eosin (Nishiwaki, 
Yagi, 1953), Delafield's hematoxylin (Sergeant, 1959), or Ehrlich's hematox- 
ylin (Kleynenberg, Klevezal', 1962). 


In addition to the layers in dentine, toothed whales present layers 
in the cement covering the root of the tooth (Sergeant, 1959; Khuzin, 1961; 
Berzin, 1964; Klevezal', Kleynenberg, 1967), and layers have also been 
detected in the mandible (Laws, 1960; Nishiwaki et al., 1961; Kleynenberg, 
Klevezal', 1962; Brodie, 1969). The layers in cement are generally not 
used for age determination, although, in principle, this method could be 
used for age determination of toothed whales. 


The layers in the bone consist of bands of osseous tissue separated 
by adhesion lines that are visible on polished or stained sections. In 
practical work, it is not convenient to determine age of whales according 
to number of layers in bone since, with time, the first bone layers are 
resorbed [in the sperm whale this occurs at about 13-16 years of age 
(Nishiwaki et al., 1961)]; in the second plate, this is technically more 
difficult than to determine age according to dentine layers. At the same 
time, the bone layers are used to determine the rate of formation of den- 
tine layers, since this question is still debatable. 


It was originally assumed that two layers of dentine are formed per 
year in the teeth of the sperm whale of the North Pacific (Nishiwaki et al., 
1958; Berzin, 1961). This was indicated by comparing the number of layers 
to the length of whales and quantity of scars of corpora lutea of pregnancy. 
Later on, Japanese researchers (Ohsumi et al., 1963) measured the increment 
in the last layer of dentine at different times of the year and counted the 
number of dentine layers in the teeth of marked whales, and they concluded 
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that less than two layers are formed in dentine per year (probably one layer). 
A.A. Berzin (1964) analyzed this question additionally, taking into consider- 
ation the new opinion of the Japanese researchers, and he corroborated his 
former conclusion. We made a comprehensive study of the disagreements 
between these two authors, and we have concluded that the Japanese inves- 
tigators considered the narrow, clear band of dentine that is formed in the 
summer as an additional one, and omitted it in their count, whereas A.A. 
Berzin considered it on a par with the clear winter band (Klevezal', Kleynen- 
berg, 1967). R. Gambell and C. Crzegorzewska (1967) studied Antarctic 

sperm whales captured in the course of the year and established that two 
layers of dentine are formed in the year: a narrow, clear band in December 

to February, and a second one in June to August. 


D. Sergeant (1959), on the basis of data pertaining to animals whose 
age was exactly known, demonstrated that one layer of dentine is formed 
annually in the bottlenose dolphin and pilot whale. $§.Ye. Kleynenberg and 
G.A. Klevezal' (1962) compared the number of dentine layers in the bottle- 
nose dolphin to the number of layers in the lower mandible and scars of 
corpora lutea of pregnancy, and they concluded that two layers per aor are 
formed in dentine. 


There were disagreements concerning the number of layers in beluga 
teeth. D. Sergeant (1959) inspected a large series of teeth and assumed 
that two layers are formed per year. R.Sh. Khuzin (1961, 1963) arrived at 
the conclusion that one layer of dentine is formed annually. Recently, a 
comparison was made of number of dentine layers and number of layers in the 
mandible of the beluga, and a ratio of 2:1 was obtained, which favors the 
hypothesis that two dentine layers are formed in one year (Brodie, 1969). 
Perhaps, different investigators interpreted the layers differently in 
beluga, as in the sperm whale. 


Apparently, to resolve definitively the question of rate of formation 
of dentine layers in whales, further investigation will be required dealing 
with dentine formation, as well as extensive exchange of material to rule 
out different interpretations in counting layers by different investigators. 


C. Age Determination in Female Cetaceans According to Scars of Corpora Lutea 
in the Ovaries 








Historically, this method precedes the age determination method 
according to number of layers. N. Mackintosh and J. Wheeler (1929) were 
probably the first to show that scars from corpora lutea of pregnancy remain 
in the cetacean ovaries for a long time and that this permits determination 
of the number of prior pregnancies. Knowing the time of sexual maturity and 
duration of the reproductive cycle, one can determine the age of females, It 
was subsequently established that traces of corpora of pregnancy remain in 
cetaceans virtually for the entire life of the specimen, and a method of age 
determination according to number of scars was developed and used by a number 
of researchers (Sleptsov, 1940; Kleynenberg, 1947, 1956; Laws, 1958, 1959; 
Zemskiy, 1958; Berzin, 1961; van Utrecht-Cock, 1965). 
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To use this method properly, one must know the time at which the 
females arrive at sexual maturity, the nature of ovulation, and reproduc- 
tive cycle. At the present time, it is generally believed that ovulation 
is induced in toothed whales (see Chapters 8 and 13), and consequently all 
traces of corpora lutea are traces of corpora lutea of pregnancy. Thus, 
in toothed whales, it suffices to determine the time of onset of sexual 
maturity and reproductive cycle to make use of the number of scars of 
corpora lutea in the ovaries to determine the age of a female. 


Since a method of age determination has been developed for toothed 
whales according to number of dentine layers, the scars of corpora lutea are 
counted not so much to determine age as to compare this count to the number 
of dentine layers in order to establish the rate at which the latter layers 
are formed (Berzin, 1961; Kleynenberg, Klevezal', 1962). 


In baleen whales, ovulation is probably spontaneous (see Chapter 8), 
and as a result one can observe scars of both corpora lutea of pregnancy 
and of ovulation, which also persist for a rather long time. When develop- 
ing this method for age determination in female baleen whales, it was neces- 
sary to establish, in addition to time of sexual maturity and reproductive 
cycle, the differences between scars of corpora lutea of pregnancy and 
sears of corpora lutea of ovulation. V.A. Zemskiy (1958) found it possible 
to distinguish between these traces in the fin whale ovaries on the basis 
of the size, location, consistency, and morphology of the traces. Another 
method was proposed by R. Laws (1958); because of the lack of distinct and 
strict consistent differences between the corpora lutea of ovulation and 
pregnancy and between traces thereof, he did not differentiate between 
corpora lutea and scars, rather he considered them together. Thus, deter- 
mination was made of the general rate of accumulation of traces of corpora 
lutea in the fin whale ovaries: 1.4 per year. On this basis, one can count 
all the traces of corpora lutea in the ovaries, divide them by 1.4, and, 
after adding the time of onset of sexual maturity, obtain the age of the 
female. 


C. van Utrecht-Cock (1965) demonstrated a good combination of the two 
methods for age determination in fin whale females. Using the baleen plates, 
she determined the time of sexual maturity as well as the ovulation rate 
(2.5 traces in 2 years), thus providing a reliable base for determining the 
age of adult females according to the number of scars of corpora lutea in 
the ovaries. She suggested that the ovulation rate be determined according 
to the typical thickenings of the baleen plate -- "ovulation peaks."" The 
presence of such peaks was demonstrated by examining pregnant females, 
taking into consideration the age of the fetus. It was found possible to 
determine the exact rate of ovulation of adult females, using these peaks, 
according to the "record" on the baleen plates. 


D. Other Methods of Age Determination in Cetaceans 





In addition to the above main methods, in recent times several more 
were proposed that have either not become popular or have not been completely 
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developed. M. Nishiwaki (1950) established that as the body length increases, 
the crystalline lens darkens and absorbs more light, and he suggested the age of 
baleen whales be determined on the basis of the absorption properties of 
their lens. Later on (Nishiwaki et al., 1957), he concluded that the method 
of age determination in baleen whales according to absorption properties of 
the lens does not yield better results than age determination according to 
laminations in the ear plug. 


T.V. Andreyeva and A.V. Yablokov (1965) assumed that the concentric 
layers visible on cross-sections of the medullary layer tubes of baleen 
plates are a reflection of periodic growth processes and that their number 
could be used to determine age. Even if this assumption is valid, evi- 
dently in view of erosion of the baleen plates, this method could not be 
more accurate than age determination according to the sculpture of the baleen 
plate. 


Recently, in baleen whale bones, layers have been found that are formed 
annually, according to preliminary investigations.* Unlike toothed whales, 
the annual layers were not found in the mandible or other large skeletal 
bone, but only in the medial wall of the tympanum. This fact may serve as 
the basis for developing a new method of age determination of baleen whales. 


E. Reasons for Formation of Periodic Layers in Solid Tissues of Cetaceans. 
New Opportunities of Using Structural Features of Layers 


It is apparent from the foregoing that the most popular and promising 
methods of age determination in cetaceans are based on the presence in some 
tissue (baleen plate, ear plug, dentine) of layers that are formed period- 
ically and that persist. 


Investigators usually analyze the reasons for formation of these layers 
separately for each structure, and only the broadest hypotheses are expounded. 
Thus, C. van Utrecht-Cock (1965) writes that the thickening of baleen plates 
is due to changes in total physiological balance of the fin whale. T. Ishi- 
hara (1966) believes that the light band in the ear plug is formed in the 
presence of vitamin A, intensive feeding, growth hormone; and that the dark 
band is formed when there is malnutrition, starvation, under the influence 
of estrogen. P. Purves (1955) believes that plug growth is retarded during 
migrations due to inadequate nutrition. Later on, P. Purves and M. Mountford 
(1959) began to question whether environmental factors were directly involved 
in formation of the ear plug layers, and they consider that this is perhaps 
a manifestation of an inherited (from terrestrial ancestors) molting cycle. 

J. Roe (1967) lists factors that could influence some ear plug lamination 
and stresses the fact that the laminations are formed under the effect of 
a sum of factors rather than a single one. 


*Klevezal’ G.A. and Mitchell E., “Annual Layers in Baleen Whale Bone," Zool. 
Zhurnal (Zoological Journal), 50, 7, 1971, 1114-1117. 
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Seasonal changes in rate of dentine calcification related either to 
a different level of feeding or changes in hormone content are viewed as 
the reason for formation of the different layers of dentine in the teeth 
of toothed whales (Sergeant, 1959; Ohsumi et al., 1963). 


We believe that the reason for formation of a specific ear plug 
lamination or dentine layer is not the direct influence of some factor on 
growth of the tissue in question. All these tissues, baleen plates, ear 
plugs, and dentine are recording structures (Mina, Klevezal', 1970), and 
they reflect, they "record" the distinctions of periodic changes in rate of 
growth of the entire organism of the animal. 


We have shown (Klevezal', Kleynenberg, 1967) that formation of the 
clear band in dentine of cetaceans, as in the dentine of terrestrial mammals, 
occurs in connection with a slower rate of animal growth, and consequently 
of all its tissues in the wintertime. Evidently, an analogous slowing of 
growth rate in toothed whales is recorded in the form of the dark layer in 
the ear plug and sculptural distinctions of the baleen plate. In order to 
determine the reasons for the distinctions in layers of the baleen plate, 
ear plugs, or dentine, one should investigate the details of seasonal 
changes in growth rate of the animal. It is quite probable that the seasonal 
periods of growth of cetaceans are considerably more complex than in terres- 
trial mammals, and that expressly this explains the great complexity of the 
internal structure of the annual layers of dentine in cetaceans, as compared 
to the dentine layers in terrestrial animals. 


The layers in the tissues of the tooth and ear plug, and growth 
periods on the baleen plate can be used for more than age determination. We 
have mentioned above that C. van Utrecht-Cock distinguished peaks in the 
record of the baleen plate that corresponded to ovulation. It would be 
very tempting to find features in the structure of the yearly layers that 
would be related to some event in the life of the specimen and to "read" 
the past of a given specimen according to structural features. Unfortunately, 
at the present stage of our knowledge on cetacean biology, this is hardly 
realistic. For example, we did not succeed in relating the regular, more 
distinct dentine layers in female sperm whale to the reproductive cycle, 
although, at first glance, such a link seemed obvious (Klevezal’, Tormosov, 
1969). 


At this stage, it appears more promising to make use of the nature 
of the yearly layers to establish the localization of cetacean groups. We 
know that the variability of a morphological character may serve as a 
gauge of isolation of groups (Yablokov, 1966). Since the teeth and ear 
plugs are collected in large quantities, it is convenient to use the nature 
of the yearly layers as an indicator character to determine age. On this 
basis, we tried to investigate the local grouping of Antarctic sperm whales, 
using the degree of distinctness of the annual dentine layers as an indicator 
character (Klevezal', Torosov, 1969). Evidently, the ear plugs could be used 
for the same purpose. 
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W. van Utrecht (1969) proposed an interesting method of utilizing the 
laminations of the teeth. He discovered that the teeth of male and female 
toothed whales, which do not differ in shape and size, can be readily differ- 
entiated by the length of the neonatal line (clear band formed at birth). 
Thus, one can distinguish the sex of a toothed whale skull, which may be 
important in studying skeletal remains. 


It is difficult to predict what other opportunities will emerge with 
respect to utilizing laminar structures of cetaceans. One thing is clear: 
comprehensive and broad research in this field is mandatory. We believe 
that the greatest advance will be made when the laminar structures will be 
investigated as a whole, as a group of tissues with common properties as 
structures that represent records. 


Finally, in view of all the new directions of utilizing the laminar 
structures of the teeth, ear plugs, etc., investigators should provide for 
the possibility of reprocessing in other aspects collections of teeth and 
plugs that have already been inspected, and for this purpose it is impera- 
tive to organize prolonged storage thereof, as is done for osteological 
and morphological material. 


Thus, the real basis for exact age determination in cetaceans is 
the presence of layers in dentine and ear plugs. At present, serious work 
must be done to perfect methods, in particular for determination of the 
rate of layer formation. The new opportunities for analyzing the biology 
of specimens with utilization of laminar structure are indicative of the 
need for further research in this direction and of the importance of accumu- 
lating adequate comparable material, not only with reference to different 
population of commercial species, but for all cetacean species. 


II. Growth 


Problems of animal growth can be divided into two groups: those related 
to investigation of absolute growth and those related to investigation of 
relative growth. In the former instance, we are dealing with changes in 
dimensions and body mass as function of time, and in the latter instance -- 
changes in different parts of the body as compared to the main parameters 
(body length or weight). 


A. Absolute Growth 


When studying absolute growth of animals, it is absolutely necessary 
to have information about increments within specific periods of time. It is 
considerably more difficult to obtain such data for cetaceans than for 
terrestrial mammals. In the latter, there are three possible groups: peri- 
odic measurements of animals in captivity, periodic measurements of marked 
specimens in the wild; comparison of measurements of specimens of different 
age. 
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Body length »# 





Figure 212. Changes in length of baleen and toothed whales related 
to age 


Top lines: Balaenoptera physalus (Ohsumi et al., 1958) 

Bottom lines: Physeter macrocephalus (Berzin, 1964) 

Top group of points -- Eschrichtius gibbosus (Zimushko, 1969) 

Bottom group of points -- Globicephala melaena (Sergeant, 1962a) 

Triangles -- males, circles -- females; top abscissa axis -- number of layers; 


bottom -- age in years 


In spite of the fact that small cetaceans are successfully maintained 
in captivity, we do not have enough data about the growth of cetaceans in 
captivity. Marked whales do not supply reliable information, since the 
length of the marked specimens is determined visually when they are marked 
at sea. Therefore, although we can find data in the literature about incre- 
ment in size of whales from the time they were marked to the time they are 
captured, we do not deem it feasible to use these data to characterize 
whales' growth. In order to compare the size of animals of different ages, 
one must have exact data about the age of the specimens that are measured. 


Since the methods for exact age determination in whales began to be 
developed quite recently, and they are still not satisfactorily developed 
with reference to many species, as we have already indicated, there is rela- 
tively little precise information on whale growth in the literature. 


In order to describe the growth of a group of specimens, comparing 
the size of animals of different ages, one generally uses the curves of 
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age-related changes in body size; when plotting these curves, the age of 
the specimens is along the abscissa axis, and the body size along the ordi- 
nate axis. On such curves, one can distinguish periods of faster and 
slower growth, and one can note the time when the growth rate changes. 


If we compare the growth curves (plotted on the basis of determin- 
ing age according to layers in dentine or ear plugs) of baleen and toothed 
whales, we see that the nature of growth is somewhat different in them 
(Figure 212). Thus, the fin whale (Ohsumi et al., 1958) and the gray 
whale (Zimushko, 1969) grow intensively until they reach sexual maturity, 
and later on the growth rate diminishes sharply both in males and females. 
The sperm whale (Berzin, 1964, 1970) and pilot whale (Sergeant, 1962) grow 
at a slower rate for the first years than baleen whales. During the 
period of sexual maturation, the pilot whale does not show a sharp decline 
of growth rate, and it remains relatively high, especially in males, for a 
considerable time after reaching the breeding period. This is also observed 
by A.A. Berzin (1964), who writes that sperm whale females reach 72.72% of 
their final length (versus 92.4% for the fin whale) by the time they reach 
sexual maturity. However, we need exact data on growth of other species of 
toothed and baleen whales to be able to state whether this growth distinction 
is a characteristic of suborders of contemporary whales. 


Usually, one distinguishes two main turning points in the growth curve 
of whales: time of attainment of sexual maturity and time of attainment of 
physical maturity. The latter is determined by ossification of the epi- 
physeal cartilages of the vertebrae (Slijper, 1958, and others). It is 
believed that upon attaining physical maturity whales cease to grow in 
length. Thus, sperm whale females reach physical maturity at 15 years of 
age, when the body length is 11 meters, and males at 20-25 years of age, 
with 15.9-meter length (Berzin, 1964); in the fin whale physical maturity 
is attained at 22-25 years in the male, with a body length of 18.9 meters, 
and female body length of 20.1 meters (Ohsumi, 1958). 


The concept that growth stops after reaching physical maturity appears 
rather debatable to us. With reference to terrestrial mammals, there are 
data indicating that growth, in particular growth of the skull in length 
and width, does not stop in the course of an entire lifetime, although the 
rate diminishes significantly with age [for example, the data of L.S. Lavrov 
(1960), with reference to the beaver]. Probably, a similar phenomenon 
occurs in cetaceans, since growth of the sperm whale head has been observed 
after reaching physical maturity (Nishiwaki et al., 1963). 


Thus, the data at our disposal warrant the assumption that there are 
differences between baleen and toothed whales in the general nature of abso- 


lute growth. 


In addition, it may be that on attaining physical maturity whale growth 
does not stop completely. 
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‘On the whole, the question of whale growth requires accumulation of 
much material based on a precise method of age determination. 


B. Relative Growth 


More and more investigators are becoming concerned with problems of 
relative growth of animals (allometry). When studying the relative growth, 
one determines the correlation between changes in size of a specific part 
of the body and changes in overall dimensions of the specimen in the course 
of its growth (ontogenetic allometry), the correlation between the dimen- 
sions of a given part of the body and overall dimensions of the specimen 
in specimens of different sizes of the same species and of one stage of 
growth (intraspecific allometry), as well as in related species with differ- 
ent body sizes (interspecific or evolutionary allometry). 


The dimensions of a given part of the body (y) as function of overall 
body dimensions of a specimen (x) are expressed by the formula y = bx%. The 
line of regression is usually plotted in logarithmic coordinates and is a 
straight line. The coefficient of allometry, the index of exponent a 
(tg [log?] of angle of inclination) indicates the extent to which the size 
of a given part of the body increases at a faster or slower rate than the 
- main size parameter (see surveys by Sigmund, 1964; Gould, 1965; Cock, 1966). 


There are only two works dealing with the relative growth of differ- 
ent parts of the whale body. Kramer (1954) obtained the allometric coeffi- 
cients of growth of the pectoral flippers, head, and tail of the fin whale 
and blue whale during embryonic and postembryonic growth. S. Ohsumi (1960) 
found an ontogenetic allometric correlation between 16 standard body measure- 
ments of the Antarctic and North Pacific fin whale throughout the growth 
period (both prenatal and postnatal), and he also compared the relative 
growth of these same areas of the body in six baleen whale species. Accor- 
ding to the data of S. Ohsumi (1960), the coefficient of allometry of most 
parts of the fin whale body changes several times in the course of growth 
at more or less specific growth points. For this reason, he divided the 
entire growth period into five stages: the first and second stages are 
referable to prenatal growth. The third stage is the lactation period, the 
end of the fourth stage is the time of attainment of sexual maturity; the 
fifth stage is the time of attaining physical maturity. The relative growth 
of all parts of the body (with the exception of the area between the anus 
and genital slit) was similar in male and female fin whales. No difference 
was demonstrated between relative growth of fin whales of the Northern and 
Southern hemispheres (at any rate, not in the prenatal period). 


A comparison of relative growth of Megaptera and Balaenoptera revealed 
that the humpback differs from rorquals with regard to relative growth of 
several parts of the body. 


We estimated the correlation between several standard measurements of 
the whale body (see Appendix 1) and overall body size in mature male sperm 
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Table 65. Allometric coefficient for different parts of the body of male 
Balaenoptera physalus (according to Ohsumi, 1960) and Physeter 
macrocephalus of the Antarctic and northwestern Pacific 





B. physalus Ph. macrocephalus ( (adults) 


Hpomep Measurement mean for} Northwest 


adult {708m fer Pacific Antarctic 





Apex of snout to eye 0,85 4,04 4,42 4,48 
Tip of snout to end of flippé¢r 4,02 1,02 1,38 1,08 
Middle of eye to middle of ear 0,90 0,90 _ 1,02 
Fluke notch to posterior edc 0,65 0,93 0,97 0,76 
of dorsal fin 
Fluke notch to umbilicus 0,86 0,97 0,74 0,78 
Fluke notch to anus 0,83 0,95 1,01 0,81 
Maximum width of pectoral 0,98 0,90 0,62 0,82 
flipper 
Tip of snout to angle of mouth — _ 41,62 1,4 
Length of separated head — — 1,45 0,98 





whales of the Antarctic and Southwestern Pacific 13-16.5 meters long (accor- 
ding to measurements submitted by Fujino, 1956). It was found possible to 
distinguish two groups of measurements: those pertaining to parts of the 
body the size of which correlated with the overall size (Table 65) and 
measurements of parts of the body the size of which correlated poorly or 
did not correlate with overall dimensions. The second group of measurements 
included the distance from the anterior tip of the snout to the middle of 
the nare (measurement 3), length of the flukes (measurement 2), height of 
the dorsal fin (measurement 14), length of the base of the dorsal fin 
(measurement 15), and length of the pectoral flipper (measurements 17, 18). 


As we see, the second group consists mainly of fin measurements. 
This indicates that the size of the fins is not directly determined by body 
size (within the given intervals of body sizes). We could arrive at the 
same conclusion on the basis of the graphs submitted by S. Ohsumi (1960) 
of relative growth of corresponding fin measurements in different species 
of baleen whales. 


If we compare the sperm whale of the Antarctic and Northwest Pacific 
according to correlation between different body measurements and overall 
body size, we can conclude that the greatest differences are observed in 
the coefficient of relative head growth (measurement 5, 20), whereas the 
other areas grow similarly (see Table 65). 


This does not coincide with the data in the literature concerning the 
existence of distinct differences between adult sperm whale of the Antarctic 
and North Pacific with reference to relative length of the tail (Berzin, 
Smolin, 1969). 
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Figure 213. Graph of relative growth of caudal part of the body (A) 
and head (B) of toothed and baleen whales. Estimated 
In the circles: according to data of Ye.I, Ivanova, 196la, d. 
1) distance from fluke notch to umbilicus 
2) distance from fluke notch to anus 
3) distance from tip of snout to tip of flipper 
4) distance from apex of snout to eye 
Symbol legend: 
1) Physeter 2) Orcinus 3) Balaenoptera physalus 4) B. borealis 


According to our data, the differences in relative growth of the 
caudal region are negligible; there are considerably fewer differences in 
the relative growth of the head; but even the latter are reliable only if 
the isolated head is measured, and they are not reliable for other head 
measurements (with reference to measurement 20, r; = 0.84, ro = 0.97, 

t = 2.60>t»9,,; for measurement 5, r; = 0.85, ro = 0.99, t = 1.69<to 95). 


The allometric characteristics we found for male sperm whales 13 to 
16 meters in size should probably be interpreted as ontogenetic allometry 
at the last stage of growth (since, as we know, sperm whale males attain 
physical maturity when their body length reaches 15.9 meters). Therefore, 
we can compare the allometric coefficients obtained to the coefficients 
for the fin whale. As shown by such comparison (Table 65), the differ- 
ences between coefficients of allometry at the last stages of growth in 
the sperm whale and fin whale are negligible, and they do not exceed the 
differences between the same indices in the Antarctic and Northwest Pacific 
sperm whales. 
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Figure 214. Interspecific allometry of the head and caudal part of the 
body of toothed and baleen whales. Estimated according 
to the data of N. Mackintosh, J. Wheeler, 1929; Ye.I. 


‘ Ivanova, 196la-e; M. Gihr, G. Pilleri, 1969 
In the circles: 


1) distance from fluke notch to anus 
2) distance from tip of snout to tip of flipper 
3) distance from apex of snout to eye 

Symbol legend: 


1) Delphinus delphis 5) Balaenoptera acutorostrata 
2) Stenella styx 6) B. borealis 
3) Orcinus 7) B. physalus 


4) Physeter 


A comparison of relative growth of the head (measurements 5 and 6) 
and caudal region (measurements 10 and 11) at different stages of growth 
of the sperm whale, fin whale, sei whale, and killer whale (Figure 213) 
also fails to demonstrate substantial differences between baleen and 
toothed whales. We calculated these ontogenetic allometric functions 
according to the mean measurements for different-sized groups cited in 
the works of Ye.I. Ivanova (1961). The relative growth of the head 
(particularly its anterior part) is more similar in the sperm whale, fin 
whale, and sei whale than in the sperm whale and killer whale. Probably 
the distinction of the killer whale in this instance, as well as the 
differences between Megaptera and Balaenoptera described by S. Ohsumi 
(1960), are determined by the ecological distinctions of these whales. 
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Interspecific allometry of the dimensions of different parts of the 
body in baleen and toothed whales of different size could demonstrate both 
the dimensions that are directly determined by body size and differences in 
nature of correlation in baleen and toothed whales. We tried to plot such 
a function for head and tail size according to the fragmentary data avail- 
able to us (Figure 214). Two lines are plotted for overall head size 
(measurement 6): common dolphin -- sperm whale and least rorqual -- fin 
whale, and the sei whale is almost on the baleen whale line, while the killer 
whale occupies an intermediate position between the two lines. There is an 
even greater distinction of the killer whale with regard to size of part of 
the head. The two distinct lines are not demonstrable for baleen and toothed 
whales with regard to tail size. 


Thus far, there have been very few allometric studies of cetaceans, 
and the data are quite fragmentary, so that one cannot make a generaliza- 
tion. In the future it would be interesting to trace the changes in coeffi- 
cient of allometry at different stages of growth in the sperm whale, simi- 
larly to what was done by S. Ohsumi (1960) for the fin whale. Some interest- 
ing results may be obtained by comparing the relative growth of different 
parts of the body of large and small toothed whales and of large and 
smaller baleen whales. Expressly such comparison would provide the basis 
to judge the similarity and difference in relative growth of baleen and 
toothed whales. From the available material on cetacean allometry, the 
following preliminary conclusions can be derived: a) on the basis of stan- 
dard body measurements, we cannot demonstrate distinct differences in 
relative growth of baleen and toothed whales; b) the length of such parts 
of the body as the head and tail is probably determined more by the size 
of the specimen than its particular species, whereas the length of the 
anterior part of the head is differently related to body length in differ- 
ent species; c) the fin size in adult specimens is not determined by body 
size. 


One should probably pursue investigation of relative growth of ceta- 
ceans on a broad front, both with reference to investigation of distinctions 
of growth and function of different organs and with reference to comparing 
populations of the same species, different species, and the two main 
groups of cetaceans. 
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Chapter 17 


DISEASES, ENEMIES, AND PARASITES 


Cetaceans, like all mammals, are subject to diseases. It is important 
to study these diseases not only to learn about the biology of whales and dol- 
phins, but also to organize medical care for sick animals in captivity. 
Cetaceans can be invaded by various parasites that can be found either on the 
body surface or in internal organs. The enemies of whales and dolphins are 
definitely less significant than disease and parasites. 


I. Enemies 


There are almost no enemies in the ocean. The only serious enemy of 
most dolphin species is the killer whale (Orcinus orca), however, the voracious- 
ness and bloodthirstiness of killer whales are usually quite exaggerated (see 
Chapter 12). When beluga and narwhal hybernate in unfrozen patches of water 
surrounded by ice, they may be attacked by Polar bears (Ursus maritimus). To 
date, we do not know of a single definite case of a large shark attacking 
whales or dolphins (sharks usually attack dead animals). Attacks made by 
lampreys, small sharks, and sucking fish on large whales, resulting in numerous 
scars, ulcerations, and cicatrices on the integument (see Chapter 1) could hardly 
be interpreted as the action of "enemies." 


Probably the large swordfish (Xiphias glaucus) should be considered the 
enemy of large whales, in the true sense of the word. At present, we know of 
about 10 cases where remnants of broken "swords" were found in rorquals. 

Since these residues were occasionally found deep in the dorsal musculature, 
it may be assumed that a blow of equal force to the thoracic or abdominal 
region would have been fatal. The reasons for swordfish attacks on whales 
are still not known (Yablokov, 1970). 


II. Diseases 


Tumors of diverse organs (uterus, ovaries, bones, skin, brain, etc., 
Figure 215), atherosclerosis, abscesses (including those of internal organs) 
are encountered rather often in large whales and clphins; cirrhosis of the 
liver and mastitis are known in rorquals; dental caries, pulmonary emphysema, 
gastric ulcer, icterus, erysipelas, diabetes, and other diseases have been 
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described in toothed whales (Stolk, 1953; Cockrill, 1960; Roberts et al., 1965; 
Berzin, Yablokov, 1961; Brown et al., 1960; Ridgway, 1965; Pilleri, 1966; see 
surveys by Stolk, 1962; Tomilin, Smyshlyayev, 1968). 





Figure 215. Tumor of the palate in Balaenoptera borealis. Paramushir 
Island. Photography by A.V. Yablokov 


III. Parasites 


Endoparasites, helminths, definitely play a rather significant part in 
the life of whales and dolphins, so that we shall now offer a brief survey of 
the helminthic fauna referable to the main groups of baleen and toothed whales. 
Since the biological significance of ectoparasites is not so great to cetaceans, 


we shal] discuss them only very generally. 


A. Ectoparasites and Infestation 


Parasitic, semiparasitic organisms, or commensal organisms, that use the 
whale organism as a substrate (see survey by A.G. Tomilin, 1970) are found 
(sometimes in large quantities) on the surface of cetaceans. These organisms, 
which are referable to invertebrates, are sometimes so numerous that they 


define the appearance of some cetacean species. 
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Colonies of diatoms form colonies on the body of all Cetacea without 
exception. Sometimes these accumulations of microscopic algae are so large 
that the general body coloration may change and become reddish, greenish, or 
brownish. At one time, with reference to large commercial species, the pres- 
ence or absence of diatomaceous film served as the basis for classifying the 
animals as aborigenes or Migrant specimens, but it was subsequently shown 
(Nemoto, 1959) that diatoms can develop both on whales that remain for a long 
time in Antarctic waters and on those that have just arrived in these areas. 
The composition of diatoms that live on large whales of different species is 
similar (Figure 216), though it has not been thoroughly investigated by far. 
As yet, we have no data concerning the species composition of microscopic 
organisms populating the body surface of small toothed whales. 
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Figure 216. Different forms of diatomaceae encountered on the body 
of large cetaceans; magnification 5,000-9,000x (Nemoto, 
1956) 
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The invertebrates found on the whale body include some species of 
barnacles, particularly acorn barnacles or goose barnacles (different species 
of Conchoderma and Coronula). They form entire colonies on the head, near 
the bands on the belly, and around the urogenital fold of the humpback, gray 
whale (Figure 217), and they populate the base of the sperm whale lower teeth. 
The sum total of barnacles populating a humpback can weigh hundreds of kilo- 
grams and should serously hamper the whale's movement (Zenkovich, 1952). 





Figure 217. Balanus colony densely covering the maxillary surface of 
an Eschrichtius gibbosus., Chukotka. Photography by 
A.V. Yablokov. 


Penella (Penella balaenopterae) is a true parasitic organism; this is 
a sessile copepod crustacean the base of whose body is found in the blubber 
of rorquals and the sperm whale, while the long external part moves freely 
on the surface. The only unattached [free] cetacean parasites are whale 
lice (several species of the genus Cyamis), crustaceans about 1-1.5 cm long, 
which occasionally collect in hundreds between the belly folds, in the uro- 
genital fold, or in fissueres of the integument on the head of the gray whale 
(Figure 218), rorquals, and right whales. 


The quantity of ectoparasites is usually related to the swimming speed 
of a given species: the largestnumber of crustacean ectoparasites is 
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encountered in the relatively slow humpback, right whale, and sperm whale (and 
the crustaceans populate areas of the body surface that are protected from 


a strong flow of water). No ectoparasites at all are found in many dolphin 
species (Slijper, 1962). 
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Figure 218. Group of whale lice (Cyamis) near one of the dorsal ridges 


of Eschrichtius gibbosus. Chukotka. Photography by 
A.V. Yablokov 


B. Helminths* 


In view of the unique living conditions and secondarily aquatic mode 
of life of marine mammals, in the course of evolution they have been the hosts 
‘ 


*This part of the chapter was written by Professor S.L. Delyamure and Docent 
A.S. Skryabin (Laboratory for the Study of Helminthic Fauna of Marine Mammals 


of the Pacific, Chair of Zoology, Crmedn State Pedagogic Institute imeni 
M.V. Frunze). 










Reproduced from 
best available copy. 
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of some very unique and often specific species of parasitic worms. Hence the 
increased interest in studying the morphology, systematics, ecology, and ecolo- 
gical distribution of helminths that invade cetaceans in various parts of the 
Pacific Ocean. Works dealing with the influence of helminths on the host organ- 
ism, dynamics of host population size, etc. merit special attention. 


These investigations have made considerable strides in the last few 
decades in view of broadened whaling, organization of helminthological expedi- 
tions, and the opening of the world's first special laboratory in our country 
for the study of helminths of marine mammals. 


Starting with C. Rudolphi (1802), many interesting data have been accumu- 
lated in the world literature, particularly in the last 25-30 years, in numerous 
works by foreign and Russian scientists (Gubanov, 1951; Delyamure, 1946, 1952, 
1955, 1956; Delyamure and Kleynenberg, 1958, 1958a; Delyamure, A. Skryabin, 
1958; Mozgovoy, 1949, 1953; Oshmarin, 1951; Skryabin, 1941, 1942, 1947; A. 
Skryabin, 1959, 1960, 1961, 1965, 1967; Treshchev, 1966; Treshchev, Yurakhno, 
Zimushko, 1969; Yurakhno, 1967; Baer, 1954; Clarke, 1962; Dollfus, 1964, 1966; 
Dougherty, 1943, 1944; Margolis, 1954; Markowski, 1955; Rausch, Francis, 1966; 
van Cleave, 1953; Yamaguti, 1942, 1951, 1959, and others). Of course, this is 
far from a complete list. 


It should be noted that the first attempt to summarize material on 
helminths of marine mammais of the Pacific has already been made (Delyamure, 
1955). For this reason, the following should be considered as a continuation 
of the study of helminths of cetaceans in the light of their ecology. 


As we turn to the characteristics of helminths of different cetacean 
genera, families, and suborders, it should be borne in mind that not all Cetacea 
species were investigated from the standpoint of helminthology, and that the 
biology of cetacean helminths is still not known, so that we were unable to 
provide fuller information concerning some questions. 


1. Survey of Helminths of Different Cetacean Families and Genera 


a. Platanistidae Family 


This unique family of Odontoceti inhabits the rivers of India, China, 
and South America; it has been studied very little with regard to helminthology. 
There is no information at all about the helminths of the genera Lipotes and 
Pontoporia. Two other genera —- Platanista and Inia -- have been studied very 
little. However, what we do no know is indicative of the distinctive ecology 
of river dolphins which has affected their helminthic fauna. 


All of the helminth species of Platanistidae -- Brachylaemus andersoni 
(Brachylaimidae), Cyclorchis campula (Ratziidae), Contracaecum lobulatum, and 
Anisakis insignis (Anisakidae) -- are specific to this family of dolphins. The 
first three have been demonstrated in India and the last one in Peru. It must 
be noted that cestodes and thorny-headed worms, which are rather well repre- 
sented in other families of Odontoceti, have not yet been recorded in Plata- 
nistidae. Perhaps this is related to the special living conditions of river 
dolphins. 


aA 


6. Delphinidae Family 


The different taxonomic groups of cetaceans in this family have not been 
studied with equal thoroughness. Thus far, we know nothing about the helminths 
of the general Lissodelphis, Cephalorhynchus, Feresa, and Peponocephala. Some 
general have not been studied sufficiently (Steno, Sotalia, Stenella, Lageno- 
rhynchus, Orcaella, Grampus, Pseudorca); there is more information about the hel- 
minths of others (Delphinus, Tursiops, Orcinus, Globicephala, Phocoena, 
Phocoenoides, Neophocaena), although not all species of these genera have been 
examined from the standpoint of helminthology. 


Thirteen families and 31 genera are represented in the helminthic fauna 
of Delphinidae. 


A total of 79 helminth species has been demonstrated in representatives 
of Delphinidae: 23 trematodes, 18 cestodes, eight thorny-headed worms, and 30 
nematodes (Tables 66-69). 


The Pholeteridae and Brauninidae families are specific to Delphinidae, 
and this also applies to 11 genera: Campula, Sunthesium, Nasitrema, Amphimerus, 
Pholeter, Delphinicola, Braunina, Pseudalius, Halocercus, Pseudostenurus, and 
Skrjabinalius. More than half of all the species demonstrated in Delphinidae 
(58) are specific, and they include the following trematodes: Campula palliata, 
Cc. delphini, C. folium, C. gondo, C. laevicaecum, C. oblonga, C. rochebruni, 
Lecithodesmus nipponicus, Leucasiella nipponicus, Orthosplanchnus elongatus, 
Synthesium tursiopis, Nasitrema gondo, N. dalli, N. sunameri, N. spathulatun, 
Galactosomum erinaceum, Amphimerus lancea, Delphinicola tenuis, Pholeter gastro- 
philus, Braunina cordiformis; cestodes: Tetrabothrius innominatus, T. diplosoma, 
T. dalli, Trigonocotyle spasskyi, T. globicephala, T. lintoni, T. prudhoei, 
Diphyllobothrium stemmacephalun, D. subtila, D. polyrugosum, D. gondo, D. 
fuhrmanni; thorny-headed worms: Corynosoma alascanse, C. cetaceum; nematodes: 
Anisakis alexandrii, A. tursionis, A. typica, Pseudalius inflexus, Halocercus 
deiphini, H. brasiliensis, H. dalli, H. invaginatus, H. kirbyi, H. kleinenbergi, 
H. lagenorhynchi, H. pingi, H. ponticus, H. sunameri, H. taurica, Stenurus 
ovatus, S. globicephala, Pseudostenurus auditivus, P. sunameri, Torynurus 
convolutus, T. dalli, Skrjabinalius cryptocephalus, Crassicauda fulleborni, and 
C. grampicola. 


Of course, along with common invasive species, there are also specific 
helminth species for different Delphinidae species. In this regard, it is 
interesting to consider the helminths of the taxa in the Delphinidae family. 


Genus Steno. The only species of this genus, S. bredanensis, is the 
host of five helminth species, of which Tetrabothrius innominatus could be 
arbitrarily considered specific (Table 66). The other species also parasitize 


other hosts: T. forsteri -—- in the common dolphin and beaked whale, T. prudhoei 
-~ in Steno bredanensis;: S, triangularis -- in the bottlenose and white- 
sided dolphin; and B, capitatum -- in the sperm whale, false killer whale, and 


pilot whale. 
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Table 66. Helminthic fauna of Delphinidae (genera Stenella, Steno, and Sotalia) 


Host and distribution 














Helminth species Localizatio i 
" 2 3 a 
Shae - {& [4 
SE\ SE | 2 |S: | 82] $8 
Ss] $? ze S2 | 2s == 
we, ws | aS | ab |B] as 
Campula laevicaecum (Yamagu-{ Liver T 
ti, 1942) 
Lecithodesmus nipponicus Ya- " BI 
maguli, 1942 
Delphinicola tenuis Yamaguti, " 
1933 
Amphimerus laneea (Diesing, | Liver? ore 
1850) 
Braunina cordiformis Wolf, 1903| Stomach, TA 
intestine 
Diphyllobothrium juhrmanni Intestine BIL 
Hsu, 1935 
Tetrabothrius forsteri (ivrefit, " RA. HI 
1871) 
Tetrabothrius innominatus Baer, " ? 
1954 
Trigonocotyle prudhoei Markow- . HA 
ski, 1955 
Strobtloceplialus triangularis a BA 
(Diesing, 1850) 
Bolbosoma capitatum (Linstow, " BA 
4880) 
Anisakis alerandrii Hsii et] Stomach ma 
Hoeppli, 1933 
Anisakis dussumierii (Beneden, | Stomach, TI 
1870) intestine ; 
Halocercus brasiliensis Almei-| Lungs TA 
da, 1933 


Note: In Tables 66-76. the distribution of helminth species is indicated by 
the following letters: 


AP) Arctic H) Notalian region (in those cases when there 
bA) North ["Boreai"] Atlantic is no exact information as to which Notalian 
B11) North ["Boreal"] Pacific zone the helminth was demonstrated) 
TA) Tropical Atlantic HA) Notalian Atlantic 
TM) Tropical Pacific Hf) Notalian Pacific 
Th) Tropical zone of Indian HV) Notalian zone of Indian Ocean 

Ocean AH) Antarctic 


Genus Sotalia. Dolphins of the genus Sotalia have not been well studied 
either. We only know that the nematode, Halocercus brasiliensis parasitizes 
on S, guianensis, Anisakis alexandrii -- on S, chinensis, and the trematode, 
Amphimerus lancea -- on S. pallida (see Table 66). The first two helminth 
species are specific to Sotalia, and the last has also been recorded in Orcaella 


brevirostris. 
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Genus Stenella. In dolphins of the genus Stenella, we only know of six 
helmonth species thus far, five of which were demonstrated in S. longirostris 
in the waters of Japan (one of them in Chinese waters) and the sixth in S. 
graffmani, in the tropical Atlantic (see Table 66). 


The genus Delphinicola and species D. tenuis, as well as Campula laevicae- 
cum are specific. The other helmonth species of Stenella are also known in 
Ph. phocoena and the pilot whale (L. nipponicus), D. delphis and the bottle- 
nose dolphin (B. cordiformis), black finless porpoise (D. fuhrmanni), and the 
sperm whale (A. dussumierii). 


Trematodes are well represented in the helminthic fauna of Stenella, 
and this indicates that this species feeds on mollusks. 


Genus Delphinus. In representatives of this genus, 17 helminth species 
of 12 genera have been recorded, that are referable to nine families: Campulidae 
(Campula), Galactosomatidae (Galactosomum), Brauninidae (Braunina), Pholeteri- 
dae (Pholeter), Tetrabothriidae (Tetrabothrius), Phyllobothriidae (Phylloboth- 
rium, Monorygma), Polymorphidae (Bolbosoma, Corynosoma), Anisakidae (Anisakis), 
Poudaliidae (Halocercus, Skrjabinases) (Table 67). 


The genus Skrjabinalius, with the species Scryptocephalus, is specific 
to Delphinus; it strikes the common dolphin in the Black Sea. The nematode, 
Halocercus kleinenbergi has been demonstrated only in this dolphin. Other 
specific species of the genus Delphinus include: Campula delphini, C. palliata, 
C. rochebruni, Galactosomum erinaceum, Tetrabothrius diplosoma, Halocercus 
delphini. We see that one genus and eight species of helminths are specific 
for Delphinus. All these data are referable to D. delphis, since other species 
of the genus Delphinus were not studied. 


Genus Tursiops. One of the two species of this genus, the benthoichtyo- 
phage Tursiops truncatus, has been submitted to helminthological investigation. 
Nine helminth species referable to nine genera comprised in seven families 
were demonstrated in this species: Brauninidae (Braunina), Campulidae (Synthe- 
sium), Phylliobothriidae (Phyllobothrium, Monorygma), Polymorphidae (Corynosoma), 
Anisakidae (Anisakis), Pseudaliidae (Halocercus, Stenurus), Crassicaudidae 
(Crassicauda). 


The genus Synthesium with the species S. tursionis, as well as Anisakis 
turionis and Stenurus ovatus are specific to Tursiops (see Table 67). As for 
the other six species demonstrated in Tursiops, they parasitize other hosts 
as well. 


Genus Lagenorhynchus. In cetaceans referable to this genus, seven 
species of helminths in six genera referable to four families have been demon-— 
strated: Tetrabothriidae (Trigonocotyle, Strobilocephalus), Phyllobothriidae 
(Monorygma), Anisakidae (Anisakis), Pseudaliidae (Halocercus, Stenurus). 


None of the species is specific to Lagenorhynchus. All have been found 
in other delphinids, 
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Table 67. Helminthic fauna of Delphinidae (genera Delphinus, Tursiops, 
Lagenorhynchus) 





Helminth species Host and distribution 





Ocalizatio ; wie 
3 3 53 Bs ° 
& Bo <2 i i 

oo 55 &3 | ble B53 

as me we (seo aes 
Cam pula delphini (Poirier, 1£86) Liver BA 
Campula palliata (Looss, 1885) " BA 
Campula rochebruni (Poirier, 1886) a BA 
Synthesium iursionis (Marchi, 1872)| Intestine BA 
Galactosomum  erinaceum (Poirier, " BA 
1886) 
Braunina cordiformis Wolf, 1903 Stomach BA, BU | BA, BU 

intestine 
Fhoieter gasirupiiius (Kossack, 1040); Stomach DA 
Tetrabothrius diplosoma Guiart, 1935} Intestine BA 
Tetrabothrius forsteri (Krefft, 1874) " BA, Mt 
Strobiloce phalus triangularis (Diesing, " BA 
4850) 
Trigonocotyle prudhoei Markowski, i HA 
4955 
Phyllobothrium delphini (Bosc, 1802) |Blubber | BA, HA BA 
Monorygma delphini (Gervais, 1870) Abdominal BA BA BA 
cavity 
Bolbesoma vasculosum (Rudolphi, 1819) Intestine BA 
Corynosoma cetaceum Jobnston, 1943] " HH Hu 
Anisakis simplex (Rudolphi, 1809) tomach, BA, BH BA | H 
intestine 

Anisakis typica (Diesing, 1860) tomach BA BA 
Anisakis tursionis “Cruz, 1946 Intestine Tu 
Halocercus delphini Baylis et Daub- {Lungs BA 
ney, 1925 
Halocercus kleinenbergi Delamure, " BA 
1951 
Halocercus lagenorhynchi (Baylis et} " HH BA 
Daubney, 1925) 
Stenurus glebicephalae Baylis et Daub- BA 
ney, 1925 
Stenurus ovatus Linstow, 1940 " BA 
Skrjabinalius eryptocephalus Delamu-| "™ 
Te, 1942 
Crassicauda crassicauda Greplin,| Penis BA BA 
1829 


i A a 


It is interesting to note that only cestodes and nematodes are known to 
infest Lagenorhynchus, whereas trematodes and thorny-headed worms have not yet 
been found in them (see Table 67). 


Genus Orcaella. This genus has been barely studied with regard to 
helminthology (Table 68). There is information that the trematode Amphimerus 
lancea (Opisthorchidae) parasitizes on 0. brevirostris, and it has also been 


encountered in Sotalia pallida. :, 
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Table 68. Helminthic fauna of Delphinidae (genera Orcaella, Pseudorca, Orcinus, 
Grampus, and Globicephala) 


Host and distribution 





Helminth species ocalization 
a 3 
floes 3 co 

cz (£2| - | #. | Ss | 35 
Ss|SEl = ee | £8 | Zé 
Sblse[ en) £2 | SS | BE 
S5}h5|/ 55 | && | SE | Ss 

Fasciola skriabinit Delamure, 1955 Liver BA 

Campula gondo Yamaguti, 1942 . ; Br 

Lecithodesmus nipponocum (Yamaguti, 7 BII 

1942) 

Odhneriella subtila (A. Skriabin, 1959)| Intestine : BIL 

Nasitrema gondo Yamaguti, 1954 Nasal cavitigs BI 

Amphimerus lancea (Diesing, 1850) Liver TH 

Trigonocotyle lintoni Guiart, 1935 Intestine BA | BI 

Trigonocotyle globicephalae Baer, 1954 bs HA 

Trigonocotyle spasskyi Gubanov, 1952 » BO 

Diphyllobothrium gondo Yamaguti, " BIT 

1942 

Dizphyllebethrium polyrugosrnm Delam, " Hu 

et A. Skr., 1966 

Diphyliobothrium subtile Yamaguti, o BI 

1942 

Phyllobothrium delphini (Bosc, 1802)|Blubber Pe ae 

Monorygma del phini (Gerwais, 1870) | Abdom.cavity Be 

Bolbosoma capitatum (Linstow, 1880) | Intestine BA Hu 

Bolbosoma nipponicum Yamaguti, " BI 

4939 

Bolbosoma physeteris Guhanov, 1952 bs BIT 

Anisakis pacificus A. Skriabin, 1959; Stomach 6O 

Anisakis simpiex (Rudolphi, 1809) u BA! BIT 

Anisakis typica (Diesing, 1860) " Be 

Stenurus minor (Kihn, 1829) Ears, lungs BA 

Stenurus globicephalae Bayliset Daub-} Lungs, blood BA BO 

ney, 4925 

Torynurus convolutus (Kitihn, 1829) . | Lungs BA 

Crassicauda grampicola Johnston et ? au 


Mawson, 1944 





Genus Pseudorca. The only species of this genus is the host of two 
helminth species, the thorny-headed worm, Bolbosoma capitatum that also 
parasitizes in S. bredanensis, the sperm whale, and pilot whale, and nematodes 
with a wide range of hosts -- Anisakis simplex. Both species have been 
recorded in the North Atlantic (see Table 68). 


Genus Orcinus. In spite of the large number and wide distribution of 
killer whales, there helminthic fauna has been inadequately studied as yet, 
and this is attributable to the lack of consistent whaling activity with 
reference to this animal. Nine helminth species of six genera, referable to 
six families, have been demonstrated in the killer whale: Campulidae 
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(Odhneriella), Fasciolidae (Fasciola), Tetrabothriidae (Trigonocotyle), Diphyllo- 
bothriidae (Diphyllobothrium), Polymorphydae (Bolbosoma), Anisakidae (Anisakis) 
(see Table 68). There are no specific genera, but the specific species are: 
Diphyllobothrium polyrugosum (endemic in the Antarctic) and Trigonocotyle 
spasskyi (endemic in the Boreal Pacific). The other species demonstrated in 
Orcinus are also found in other hosts. 


Genus Grampus. One helminth species, Crassicauda grampicola (see Table 
68) is specific to this genus. Another two species, demonstrated in these 
dolphins, also invade other hosts: Stenurus minir in Phocoena and beluga, and 
Ph. delphini in many marine mammals. 


Genus Globicephala. In the two species of this genus, we kbow of 13 
helminth species from 11 genera referable to seven families: Campulidae (Campula, 
Lecithodesmus, Nasitrema), Tetrabothriidae (Trigonocotyle), Diphyllobothriidae 
(Diphyllobothrium), Phyllobothriidae (Phyllobothrium, Monorygma), Polymorphidae 
(Bolbosoma), Anisakidae (Anisakis),Pseudaliidae (Stenurus, Torynurus). 


There are no specific helminth genera for Globicephala, but there are 
seven specific species, of which Campula gondo, Nasitrema gondo, Diphylloboth- 
rium gondo, and D. subtile have been demonstrated only in G. scammoni of the 
Boreal Pacific; Trigonocotyle globicephalae -- only in G. melaena in the 
Atlantic, and Trigonocotyle lintoni and Stenurus globicephalae -- in the Boreal 
Pacific.and Boreal Atlantic in both species (see Table 68). 


The qualitative diversity of helminths of Globicephala is related to 
their wide distribution and diverse food. 


Genus Phocoena. The helminths of the genus Phocoena are represented 
by parasites of 12 genera referable to seven families: Campulidae (Campula, 
Lecithodesmus), Opisthorchidae (Opisthorchis), Pholeteridae (Pholeter), 
Diphyllobothriidae (Diphyllobothrium), Polymorphidae (Corynosoma), Anisakidae 
(Anisakis, Terranova), Pseudaliidae (Pseudalius, Halocercus, Stenurus, 
Torynurus). 


We know of 19 helminth species in all (Table 69). The genus Pseudalius 
is specific to porpoises. There are six specific species: Diphyllobothrium 
stemmacephalum, Corynosoma alascanse, Halocercus invaginatus, H. ponticus, H. 
taurica, and Pseudalius inflexus. 


All we have stated about the helminth fauna of the genus Phocoena 
applies to the Ph. phocoena species. There is still no information about the 
helminths of the other three species of this genus. It should be noted that 
among the helminths that invade Phocoena, in addition to the specific genus 
and four specific species, there are species that parasitize other delphinids 
as well, and some baleen whales, pinnipeds, terrestrial carnivorous mammals, 
and even man. The wide distribution of Ph. phocoena, its adaptation to feed- 
ing on benthonic and pelagic organisms have been reflected in its helminthic 
fauna. 
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Table 69. 
Phocoenoides) 


Helminth species 


Helminthic fauna of Delphinidae (genera Phocoena, Neophocoena, and 





Host _and distribution 


Localization 


4 

ge | 

gf | gE] 2 
28 ge | 8. 
B83 22 | 38 
aa zea | id 


Cam pula oblonga (Cobbold, 41858) 
Campula folium Ozaki, 1955 


Lecitiodesmus nipponicus Yamaguti, 
1942 


Leucasiella nipponicus (Yamaguti, 
1951) 


Orthos planeknus elongatus Ozaki, 1935 
Nasitrema dalli Yamaguti, 1954 
Nasitrema sunameri Yamaguti, 1954 
Nastirema spathulatum Ozaki, 1935 
Opisthorchis tenuicollis (Rudolphi, 
4819) 

Pholeter gastrophilus (Kussack, 1910) 
Tetrabethrius dalli Yamaguti, 1954 
Diphutlobothrium stemmacephalum 
(Cobbold, 1858) 

Diphyllobothrium fukrmanni Hsu, 1935 
Diphyllobothrium lanceolatum (Krab- 
be, 1865) 

Diphyllobothrium latum (L., 1758) 
Corynosoma strumosum (Rudolphi, 
1802) 

Corynosoma alaskanse Golvak, 4959 
Corynosema semerme (Forssell, 1904) 
Anisakis simplec (Rudolphi, 1809) 
Anisakis typica (Diesing, 1860) 
Terranova decipiens (Krabbe, 1878) 


Pseudalius injlecus (Rudolphi, 1819) 
Falocercus dalli Yamaguti, 1954 
Halocercus invaginatus (Quekett, 1844) 
Halocercus kirbyi Dougherty, 1944 
Halocercus pingi Wu, 1929 
Halocercus ponticus Delamure, 1946 
Halucercus sunameri Yamaguti, 41954 
Halocercus taurica Delamure, 1942 
Stenurus minor (Kubn, 4829) 





Pseudostenuius auditirus (Hsu, Hoep- 
pli, 1933) 
Pseudostenurus 
1954 
Torynurus convolutus (Kuhn, 1829) 
Torynurus dalli (Yamaguti, 1954) 


Crassicauda fulleborni (Hoeppli, Hsu, 
Wu, 41929) 


sunameri Yamaguti, 





Liver BA, BIT Bn 
mw BIL 
ili BI 
Intestine BI 
tt BI 
Nasal cavities Bn 
tt w : BIL 
" ci) { BU 
Liver AP, BA 
Wall of stomach BA 
Intestine Bil 
" BA 
" BH, TI 
" AP, BIT 
" GA 
” AP, BA, BI 
Ww AP 
s AP, BA, BIT 
Stomach, intestine BA, BI 
Stomach BA 
Stomach, inteStine BA. BIT. BA, 
Lungs, blood BA, BIL 
Lungs Bil 
" BA, BO 
" Bn 
u 
TI 
uw BA 
" To 
" BA 
Ears, blood, lungs | AP. BA. BI 
Organs of hearing ™ 
Nasal cavities Tr 
Lungs, blood BII 
Nasal cavities TH 


Muscles near vagina | 









oduced from 
jell available copy: 
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Genus Phocoenoides. The helminths of this genus are original, and this 
is related to their diet of mollusks and fish. We know of three families with 
six genera: Campulidae (Campula, Leucasiella, Nasitrema), Tetrabothriidae 
(Tetrabothrius), Pseudaliidae (Halocercus, Torynurus). In all, there are 
seven helminth species in Phocoenoides (Table 69), six of which are specific 
and have been demonstrated only in the North Pacific, and only in Ph. dalli 
(Leucasiella nipponicus, Nasitrema dalli, Tetrabothrius dalli, Halocercus 
kirbyi, H. dalli, Torynurus dalli). Only one species, C. oblonga, is non- 
specific and known in the porpoise. 


Genus Neophocaena. The helminths of this genus are represented by four 
families with seven genera: Campulidae (Campula, Orthosplanchnus, Nasitrema), 
Diphyllobothriidae (Diphyllobothrium), Pseudaliidae (Halocercus, Pseudostenurus), 
and Crassicaudidae (Crassicauda). Ten helminth species (see Table 69) have 
been demonstrated in the only species of the genus Neophocaena, N. phocaenoides. 


One genus, Pseudostenurus, and nine species that are endemic to the 
North Pacific are specific: Campula folium, Orthosplanchnus elongatus, 
Nasitrema sunameri, N. spathulatum, Halocercus sunameri, H. pingi, Pseudo- 
stenurus auditivus, P. sunameri, Crassicauda fulleborni. We cannot fail to 
note that the helminthic fauna of Neophocaena is very unique and distinctive, 
and this is related to the fact that the host inhabits shallow waters, in the 
coastal areas, and enters’ into the estuaries of rivers. 


c. Monodontidae Family 


The helminths of the Monodontidae family, particularly the genus Delphin- 
apterus, have been studied relatively well, and S.Ye. Kleynenberg deserves much 
credit for this. The helminths of Monodontidae are represented by seven 
families consisting of 13 genera. The Pseudaliidae genus Otophocaenurus is 
specific for Monodontidae, while the species, 0. oserskoi also invades beluga. 

In all, we know of 20 helminth species in Monodontidae, 11 of which are specific, 
including Leucasiella arctica, L. mironovi, Odhneriella seymouri, Orthosplanchnus 
sudarikovi, O. albamarinus, Corynosoma cameroni, Anisakis kukenthalii, Otophocae- 
nurus oserskoi, Stenurus arctomarinus, S. pallasii. These 10 species have 

been demonstrated only in Delphinapterus leucas, while Torynurus alatus -- only 
in Monodon monoceros, All of the Monodontidae helminths are arctic and partially 
boreo-Pacific (Table 70). 


There are some nonspecific helminth species of Delphinapterus that also 
invade delphinids. Other species of helminths of Delphinapterus are widespread 
among pinnipeds and are occasionally encountered among the cetaceans of the 
Arctic and Boreal Pacific. The thorny-headed worm, C. strumosun, invades 
very many pinnipeds of the northern hemisphere, as well as porpoises, cormorants, 
mergansers, grebes, and golden-eyes [B. clangula L.]. 


The detection of Trichinella spiralis larvae in D. leucas merits special 
attention; they also invade some Arctic pinnipeds (walrus, sea hare, ringed 
seal) and particularly terrestrial mammals (pig, boar, bear, badger, Arctic 
fox, fox, dog, rat) and man. Probably, the beluga sometimes eats dead terres- 
trial mammals invaded by Trichinella (dogs, Arctic fox) that have fallen in 
the water. 
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Table 70. 





Helminth species 





Localization 


Leucasiella arctica Delamure et Kleinenberg, 1958 | Rectum 


Helminthic fauna of Monodontidae (genera Delphinapterus, Monodon) 
a ed ee ee, 


Host and 


naplerus 


Delphi- 
leucas 


AL 


distribution 


Menodon 
monoceros 


Leucasiella mironovi Krotov et Delamure, 1952 Small intestine bo 
Odhneriella seymouri (Price, 1932) " " BH, Ap 
Odhneriella sublila (A, Skrjabin, 1959) Intestine BI, AP 
Orthosplanchnus sudarikovi Treshchev, 1966 Rectum AP 
Orthosplanchnus albamarinus ‘Treshchev, 1968 Liver, pancreas AP 
Diphyllobothrium lanceclatum (Krabbe, 1865) Intestine AP 
Pyramicecepi alus phocarum (Fabricius, 1780) ” AP 
Corynosoma strumosum (Rudolphi, 1802) i BI, AP 
Ccrynoscma camercni van Cleave, 1953 " BA, AP 
Anisakis kiikenthalii (Cobb, 1889) Stomach BI, AP 
snisakis simpiex (Khudoiphi, 1605) Stomach, intestind PA PI! ap 
Terranova decipiens (Krabbe, 1878) " " AP BA 
Torynurus alatus (Leuckart, 1848) Skull, veins, lungs BA 
Otophocaenurus oserskot Skrjabin, 1942 Organs of hearing | BI, AP 
Stenurus minor (Kihn, 1829) Nasal cavities BIL 
rontal Sinusés 
Stenurus arctomarinus Delamure et Kleinenberg, ee AP 
4958 Lungs 


Stenurus pallasii (Beneden, 1870) Ears, lungs, bloo AP 
' 


Crassicauda giliakiana Skrjabin et Andreeva, 1934}Kidneys, ureters BIT 
Trichinella spiralis (Owen, 1835) Musculature AP 





The foregoing makes it apparent that the helminths of Monodontidae are, 
on the one hand, represented by many species demonstrated only in this cetacean 
family and, on the other hand, by species that invade other cetaceans, pinnipeds, 
terrestrial carnivorous mammals, and some ~- birds and even man. 


d. Physeteridae Family 


Helminthologists have studied the genus Physeter, contained in this 
family, much better than the genus Kogia. We know of 30 helminth species in 
15 genera, comprising eight families, in Physeteridae. There are five specific 
genera: Tetragonoporus, Hexagoporus, Polygonoporus, Pseudoterranova, Placento- 
nema. There are 15 specific species, 12 of which are known in the sperm whale 
(Zalophotrema curilensis, Tetrabothrius curilensis, Tetragonoporus calypto- 
cephalus, T. physeteris, Hexagonoporus physeteris, Polygonoporus giganticus, 
Anisakis catodontis, A. physeteris, A. ivanizkii, Placentonema gigantissima, 
Corynosoma curilensis, C, mirabilis), and three (Pseudoterranova kogiae, Crassi- 
cauda magna, and C. duguyi) -- in the helminthic fauna of the pygmy sperm whale 
(Table 71). The significant number of specific genera and species determine, 
to a sufficient extent, the uniqueness of the helminthic fauna of Physeteridae 
and first of all of Ph. macrocephalus. As we see, in spite of the systematic 
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closeness of Kogia and Physeter, their helminthic fauna is very different; one 
common species, Ph. delphini, has a wide range of hosts. 


Table 71. 





Helminth species 





Localization 


Host an 


Physeter 


macrocephalus 


eT eS Ses 


Helminthic fauna of Physeteridae (genera Physeter and Kogia) 
BE Re a ee ee 


d distrib. 


Kogia 
breviceps 


Zalophotrema curilensis Gubanov, 1952 Liver BH 

Tetrabothrius affinis (Lénnberg, 48941) Intestine AH, HA, HH 

Tetrabothrius curilensis Gubanov, 1952 " BU 

Priapocephalus grandis Nybalin, 1922 " AH 

qe eeeerais calyplocephalus A. Skrjabin, | Liver BIL 

Tetragonoporus p.iyseteris (Clarke, 1962) ig AH, H 

Hexagonoporus piyseteris Gubanov, 1952 Intestine BIL 

Polygonoporus giganticus A, Skrjabin, 1965 " AH, HH 

Phyllobothrium delphini (Bosc, 1802) larvae | Blubber and BA, BI, H, AH AH 
other organs 

Monorygma delphini (Gervais, 1370) larvae | Mesentery i, AB 

Tetraphyllidea g. sp. larvae Blubber BI, AH 

Nybelinia sp, larvae Stomach BI 

Bolbosoma brevicolie (Malm, 1867) Intestine BA, AU 

Bolbosoma capitatum (Linstow, 1880) " BA 

Bolbosoma physeteris Gubanoy, 1952 “ BI, H, AH 

Belbosonva turbinella (Diesing, 1851) bt bIl 

Corynosoma strumosum (Rudolphi, 41802) m BI 

Corynosoma curilensis Gubanov, 1952 4" Bn 

Corynosoma mirabilis A. Skrjabin, 1966 " AH, H 

Anisakis catodontis Baylis, 1929 Stomach HA 

Anisakis dussumierii (Beneden, 1870) Stomach, intestine BIT 

Anisakis ivanizsii Mosgovoy, 1949 -| Stomach BI 

Anisakis pacificus A, Skrjabin, 1959 u Bn 

Anisakis physeteris Baylis, 1923 a BH, HA, HH, AH 

Anisakis simplex (Rubolphi, 1309) Stomach, intest | BA, BM, H, AH 

Anisakis skrfabini Mosgovoy, 1949 " " BN, AH 

Pseudoterranova kogiae Johastonet Mawson, |Stomach 

1939 HH 

Crassicauda duguyt Dolifus, 1966 Neck muscles > 

tenia magna Johnston et Mawson, a HO, HM 

Placentonema gigantissima Gubanov, 1952 {Placenta BIL, H 





Unfortunately, we still do not know the vectors [intermediate hosts] of 
the helminths that invade the sperm whale. Probably they are animals that 
constitute the usual food of this toothed whale. The nonspecific helminths of 
Physeter are represented by 15 species that also invade other animals, in 
addition to the sperm whale. Analysis revealed, for example, that 11 species 
have been recorded in the cachalot and other toothed whales. Some of these 
species and a few others (nine in all) invade the sperm whale and baleen whale; 


oduced from 2 
bert available copy. mi 
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five species link the helminthic fauna of the sperm whale not only with that 

of toothed or baleen whales but also that of pinnipeds, and a vert few have also 
been encountered in fish and birds. In addition, Tetraphyllidea g.sp. larvae 
has been demonstrated in the sperm whale. 


These data are indicative of extensive exchange of helminths between 
the inhabitants of the water, probably as a result of having the same area of 
distribution and of feeding on the same species that are the intermediate 
hosts of helminths, contact, and other ecological causes. 


At the same time, we cannot fail to note that the less ecological (and 
phylogenetic) closeness of compared groups of hosts, the fewer species there 
are in common for the sperm whale and other animals. Thus, while there are 
nine common species in the sperm whale and other toothed whales, there are 
eight common ones in the sperm whale and baleen whale, and five in common in 
the cachalot and pinnipeds. There are only two species in common among other 
vertebrate animals and the sperm whale. 


With reference to species demonstrated only in the sperm whale, it should 
be stressed that the ecological and biological distinctions of this toothed 
whale formed a helminthic fauna in it that is distinct both from that of other 
toothed whales and of baleen whales. 


e. Hyperoodontidae Family 


All genera of this family, with the exception of Tasmacetus, have been 
investigated helminthologically, though not completely. Helminths of seven 
families and nine genera are represented in Hyperoodontidae. There are 15 
known helminth species in all (Table 72). It is only in this cetacean family 
that such monotypic genera as Oschmarinella and Delamurella have been recorded; 
they are represented by the specific species, 0. sobolevi and D. hyperoodoni 
that parasitize only Berardius bairdi. Crassicauda anthonii that invade 
Ziphius cavirostris and Mesoplodon mirus, and C. bennetti demonstrated in Hyper- 
oodon planiforns are also specific. The other 11 species are not specific 
to Hyperoodontidae. 


The nematode C. crassicauda, which invades the genitourinary system of 
rorquals, the Greenland right whale, and toothed whales has been found in 
the genus Ziphius. 


There is very little information in the literature about the helminths 
of Hyperoodon (H,. ampullatus). Only three species are known: S, triangularis, 
B, balaenae, and B. turbinella which invade a wide range of hosts. 


The helminthic fauna of Mesoplodon is also little studied. In addition 
to the above-mentioned C. anthonii which is specific for M, mirus, M. bidens 
is invaded by the cestode T. forsteri, which also invades D. delphis and S. 
bredanensis, and by larvae of Ph. delphini and Nybelinia that have been found 
in many hosts. 
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Table 72. Helminthic fauna of Hyperoodontidae (genera Berardius, Mesoplodon, 
Ziphius, and Hyperoodon) 





and distribution 

















Helminth species . |Localiza- 
tion 
Se lBs|s2/2'| ke | iF 
bejSe/esj88| Se | 38 
\ IQSlSE| RS No Rs mA 
Oschmarinella sobolevi Skrjabin, 1947 Liver Bu 
Tetrabothrius forsteri (Krefft, 1874) Intestine BA 
Strobilecephalus triangularis (Diesing, 1850) " BA, TA 
Phyllobothrium delphini (Bosc, 1802) larvae} Skin,blubbeér BA 
Nybelinia sp. larvae Stomach BI BA 
Bolbosoma balaenae (Grelin, 1790) Intestine BA 
Bolbosoma turbinella (Diesing, 1854) si BA 
Bolbosoma vasculosum (Rudolphi, 1849) " BA 
Anisakis simplex (Rudolphi, 41809) Stomach, br BA 
intestine 

Anisakis skrjabini Mosgovoy, 1949 Same bo 
Delamurelia nyperoodoni Gubanov, 1952 Lungs Bu 
Crassicauda crassicauda (Greplin, 1829) Kidn,penis BA 
Crassicauda anthonyi Chabaud, 1963 - Kidneys BA BA 
Crassicauda bennetii Spaul, 1926 " 
Crassicauda gi‘iaciana Skrjab. et Andr., 1934 " Br AH 








Thus, not all Hyperoodontidae, but only the Berardius that inhabits the 
North Pacific that has a distinctive helminthic fauna; it is very original, 
according to the investigations of S.L. Delyamure (1955) and A.S. Skryabin 
(1960). 


f. Eschrichtiidae Family 


The first information about the helminths of Eschrichtius gibbosis, the 
only species of this family, appeared only in 1966, when R.L. Rausch and F.H. 
Francis (1966) described a new trematode species, Ogmogaster pentalineatus. 
A few months later it was described by V.V. Treshchev (1966a), and then V.V. 
Treshchev (1966b) demonstrated in the gray whale a new thorny—-headed worn, 
Cornyosoma septentrionalis, while M.V. Yurakhno (1967) discovered a new trema- 
tode, Orthosplanchnus pigmaeus. Finally, in 1969, a work was published by 
V.V. Treshchev, M.V. Yurakhno, and V.V. Zimushko who found eight helminth 
species in the gray whale. 


The following are specific to the gray whale: Orthosplanchnus pigmaeus, 
Ogmogaster pentalineatus, Priapocephalus eschrichtii, and Corynosoma sptentrio-— 
nalis (Table 73). 0. plicatus, which is a parasite of many species of rorquals 
and the Greenland right whale, is not typical for the gray whale, and apparently 
is found accidentally among its helminthic fauna. V.V. Treshchev, M.V. Yurakhno, 
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and V.V. Zimushko (1969), who examined 41 gray whale specimens, discovered one 
such trematode in one of them. Thorny-headed worms, C. strumosum, C, validum, 
and C. semerme are widespread in the northern hemisphere, and the last species 
in the southern as well. These are typical parasites of pinnipeds, although 
C. strumosum and C. semerme have also been demonstrated in toothed whales, 
birds, and other animals. 


Table 73. Helminthic fauna of Eschrichtiidae intestine 








Helminthic fauna Host and | 

distribution 
Eschrichtius 
gibbosus 

Orthosplanchnus pigmaeus AP 

Jurachno, 1967 

Ogmogaster plicatus (Crep- co 

lin, 1829) 

Ogmogaster pentalineatus AP, ci 

Rausch et Francis, 1966 

Priapocephalus esehrichtti AP, CII 

Murav. et Tresh. (in litt.) 

Corynosoma strumosum AP 

(Rudotphi, 4802) 

Corynosoma semerme (Fors - AP, Cll 

sell, 1994) 

Cul ymbscindg tudeléte Vain Ar, Gu 

Cleave, 1953 

Corynosoma sepientrionalis AP, cll 


Treshchev, 19656 


Unlike other baleen whales that feed mainly on plankton, gray whales 
feed on benthopelagic and benthonic animals in coastal waters. So that it is 
not by chance that their helminthic fauna bears more resemblance to that of 
pinnipeds (particularly such benthophages as the walrus and sea hare) and to 
that of coastal benthoichthyophage toothed whales, such as the porpoise, than 
to the helminthic fauna of other baleen whales (one chance species). This is 
also indicated by the presence in the gray whale of trematodes of the genus 
Orthosplanchnus, other species of which invade only pinnipeds, beluga, and 
the black finless porpoise. 


The species 0. pentalineatus and P. eschrichtii are perhaps indicative 
of ancient ties between gray whales and other baleen whales. This remnant 
of the ancient helminthic fauna of gray whales is represented by distinctive 
"relict" species referable to genera other species of which (0. plicatus, 0. 
antarcticus, O. grandis, P. grandis, P. minor) are widespread among contempo- 
rary plankton-feeding whales. 


g- Balaenopteridae Family 


Three of the five species of true rorquals (B. musculus, B. physalus, 
B. borealis) have been investigated satisfactorily with respect to helminthology. 
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The helminths of the least rorqual (B. acutorostrata), which is caught relatively 
seldom and irregularly, have been less studied, Until recently, there had 

been no studies of the helminths of Bryde's whale (B. edeni). It is only in 

1966 that A.S. Skryabin (1969a) first examined three whales of this species 

that had been caught for scientific purposes in the northwestern Indian 

Ocean, and he demonstrated six helminth species in them.* 


As for investigation of the helminths of Megaptera -- it has not yet 
been thorough enough. 


The helminths of Balaenopteridae are referable to 13 genera from nine 
families. In all, we know of 33 helminth species in Balaenopteridae (Delyamure, 
1955; Margolis, Pike, 1955; Markowski, 1955; Yamaguti, 1958, 1959, 1961; A. 
Skryabin, 1958, 1959, 1960, 1966, 1968, 1969a, and others). In addition, 
commensal nematodes, Odontobius ceti, inhabit the baleen plates of rorquals. 


All 33 species of helminths and commensal nematodes have been recorded 
in whales of the genus Balaenoptera (Table 74). 


There are three specific species in the blue whale (Tetrabothrius 
schaeferi, Bolbosoma paramuschiri, Crassicauda tortilis), two (Tetrabothrius 
egregius, Crassicauda pacifica) -- in the fin whale, and one (Tetrabothrius 
arsenyevi) -- in the sei whale. Bolobosoma nipponictum [thorny-headed worm] 
is typical for the least rorqual. This helminth is widespread in the waters 
of the northwestern part of the Pacific and it invades many baleen whales and 
even pinnipeds, however, it only reaches sexual maturity in the least rorqual. 


Bryde's whale has a very distinctive and profuse trematode fauna, but 
it is typical not so much of this whale as for the waters it inhabits. When 
the area of its distribution coincides with that of other rorquals, these 
helminths are included in the fauna. As a result, there is only one specific 
helminth species for Bryde's whale -- Cetitrema foliiformis. 


All seven helminth species known in the humpback, as well as commensal 
nematodes are common to true rorquals and the humpback. The link between true 
rorquals and humpbacks is obvious: they are close with regard to systematics, 
they have a similar biology and common food, and this was reflected in their 
helminthic fauna. 


There are 12 species that link the helminthic fauna of true rorquals 
and right whales, and only one (0. plicatus) linking the former to the gray 
whale which has no food in common (or almost none) with rorquals. 


There are 15 helminth species in common in true rorquals and toothed 
Whales. Seve species link the fauna of true rorquals to that of pinnipeds. 
It should be noted that the helminths of rorquals, toothed whales, and pinni- 
peds are linked through larval forms of parasites, incidental, and widespread 
forms of helminths. 


*Some of the data about these species are being published in this work for the 
first time. 
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As we have already stated, there is not a single specific helminth 
species in the humpback, since they are all encountered in the true rorquals 
and almost all of them (except C. boopis) in right whales. We know of five 
species in common with toothed whales (Ph. delphini, B. turbinella, B. balaenae, 
B. nipponicum, C. crassicauda), and two in common with the helminths of pinni- 
peds (Ph.delphini, B. nipponicum). 


Commensal nematodes, 0. ceti, which are definitely specific to Balaenop- 
teridae, invade the baleen plates of the humpback, as in the true rorqual. 


On the whole, there is one genus, Cetitrema, and 12 species of helminths 
that are specific for Balaenopteridae: Lecithodesmus petrovi, Cetitrema folii- 
formis, Ogmogaster grandis, Tetrabothrius egregius, T. arsenyevi, T. schaeferi, 
Priapocephalus minor, Bolbosoma hamiltoni, B. paramuschiri, Crassicauda tortilis, 
C. delamureana, and C. pacifica,. 


h. Balaenidae Family 


The genus Caperea, referable to this family, has not been submitted to 
helminthological investigation. Thirteen species of helminths referable to 
eight genera and seven families (Table 75) have been demonstrated in Balaenidae. 


Table 75, Helminthic fauna of Balaenidae (genera Balaena and Eubalaena) 





Host and distrib. 





Helminth species Localization 
2 s 

2 | §s.| Ess 

S& | 2t8| S25 

ae | oes | 288 
Lecithodesmus goliath (Beneden, 1858) Liver BA 
Ogmogaster plicatus (Creplin, 1829) ; Intestine BA 
Cemogaster antarcticus Johnston, 41934 i HA. 
Tetrabothrius afjinis (Lonnberg, 41894) “ AH 
Tetrabothrius ruudi Nybelin, 1928 : BN 
Priapocephalus grandis Nybelin, 1922 ° H, AR 
Diplogonoporue  balaenoptera (Lonnberg, 41894) 7 HA 
Phyllobothrium delphini (Bosc, 1802) larvae Blubber BA HA 
Bolbosoma balaenae (Gmelin, 1790) Intestine BA H 
Bolhocoma ninponicum Yamaguti, 1939 " Bn 
Bolbosoma turbinella (Diesing, 1854) * Bn | HA 
Crassicauda crassicauda (Creplin, 1829) Penis BA 
Crassicauda costata A, Skrjabin, 1969 Kidneys HA. 





The helminths of B. mysticetus, the only representative of the genus 
Balaena, have not been adequately investigated. We know of only five helminth 
species that are not specific to Balaena; all have been demonstrated in rorquals 
as well as the Atlantic right whale (Ph.delphini, B. balaenae), the gray whale 
(0. plicatus), and toothed whales (B. balaenae, C. crassicauda, Ph. delphini); 
the last one has also been demonstrated in pinnipeds. 
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We do have some information about the helminths of Eubalaena; it is 
referable to E.g. sieboldi and E.g. australis. The Biscay whale (E.g. gla- 
cialis) has not been studied by helminthologists. 


Until recently, we knew of only four helminth species in E. glacialis: 
T. affinis, P. grandis, B. turbinella, B. brevicolle, However, A.S. Skryabin 
removed B. brevicolle from this list, since its host (E.g. sieboldi) mentioned 
in the literature inhabits the North Pacific, while this thorny-headed worm 
is distributed only in the Atlantic Ocean. In recent years, A.S. Skryabin 
studied the Atlantic right whale (1960, 1969) and demonstrated another seven 
helminth species in them. Thus, this whale is the host for 10 helminth species. 


Analysis of the available data revealed that there is a substantial 
difference between the helminthic fauna of E.g. sieboldi and E.g. australis, 
which is indicative of the isolated existence of these subspecies within the 
boundaries of their waters. 


The only specific helminth species for Atlantic right whales (more 
precisely for E.g. australis) is the nematode, Crassicauda costata -- endemic 
to the southern hemisphere. 


If we compare the helminths of southern whales and the Greenland right 
whale, we see that there are much less in the latter. This is apparently due 
to the more limited distribution of the Greenland right whale in one latitude 
zone, and its greater feeding specialization, as well as, in part, to the 
fact that its helminths have been less studied. 


There are two helminth species (Ph.delphini, B. balaenae) common to the 
Atlantic and Greenland right whales. There are close ties between the hel- 
minths of Atlantic right whales and rorquals, Of the ten species known for 
the Atlantic right whale, nine (except C. costata) have also been demonstrated 
in rorquals. There are six helminth species in common with toothed whales. 
Many of them are not typical for toothed whales and the latter are invaded by 
chance. For example, B. turbinella was detected only once, as a single speci- 
ment, in a sperm whale. There are three species in common with pinnipeds (0. 
antarcticus, Ph. delphini, B. nipponicum) and none is a typical helminth of 
pinnipeds, 


2. Comparison of Helminths of Toothed and Baleen Whales 


Analysis of material accumulated over a long period of investigation of 
parasitic helminths of cetaceans reveals that there is a sharp difference 
between toothed and baleen whales with respect to helminthic fauna (Table 76). 


We know, at present, of 149 helminth species (40 trematodes, 35 cestodes, 
19 thorny-headed worms, 55 nematodes) referable to 50 general from 18 families 
in all cetaceans of the world. However, these taxa are extremely irregularly 
distributed among toothed and baleen whales, both quantitatively and qualita-— 
tively. For example, the helminths of toothed whales are represented by 17 
families (there are no Notocotylidae), two of which are specific (Pholeteridae, 
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Brauninidae), There are two more very typical "cetacean" families referable 


to toothed whales: Campulidae and Pseudaliidae. The former link their helmin- 
thic fauna to that of pinnipeds, and the latter -— to that of Mustelidae. 


Table 76. Distribution of families, specific and nonspecific helminth genera 
in cetacean families and suborders 


peer 


Helm inth Odontoceti . Mysticeti 


family and 





Plata- Delphi- | Monodon-| Physete- | Hypero- | 2ch- | Balaenop-) Balaent- 
genus nistidae | nidae tidae ridae odontidae ee teridae dae 


Fasciolidae 
Fasciola + ‘ + 
Campulidae 
Campula (4) 
Lecithodesmus 4: 
Cetitrema 
Leucasiella a 
Odhneriella + 
Orthos planchnus fie 
Oschmarinella (+) 
Zalophotrema | 


Synthesium (+) | 


+++ 


Nastirema (+) 
Galactosomatidae 

Galactosomum + 
Opisthorchidae 

Opisthorchis + 

Amphimerus (+) 

Delphinicola (Hh 
Ratziidae 

Cyclorchis + 
Pholeteridae 

Pholeter (+) 
Notocotylidae 

Ogmogaster 
Brauninidae 

Braunina (+) 
Brachylaemidae 

Brachylaemus + 
Tetrabothriidae 

Tetrabothrius 

Priapocephalus 

Strobilocephalus 

Trigonocotyle 
Diphylobothriidae 

Diphyllobothrium 

Diplogonoporus 

Tetragonoporus (+) 


+ ++ + 
++ 
+ 
++ 
++ 











Note: (+) indicates specific genera and + indicates nonspecific genera. 
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Table 76. (continued) 





Helminth i Ooptoceth Mysticeti 


i d 
family an Platanis- | Delphi- | Monodon-| Physeteri-| Hypero- Ech- Balaenop-} Balaeni- 
genus tidae nidae tidae dae odontidae Penel: teridae dae 








Hexagonoporus (+) 
Polygonoporus (+) 
Pyramicocephalus + 
Phyllobot hriidae 
Phyllobothrium 
Monorygma 
Tentaculariidae 
Nybelinia 
Polymorphidae 
Bolbosoma 
Corynosoma 
Anisakidae 
Anikasis + + + 
Contracaecum > 
Pseudoterranova (+) 
Terranova + + 
Pseudaliidae 
Pseudalius (+) 
Halocercus (+) 
Delamurella (+) 
Stenurus | + + 


Dn need o nt awcees: 
ae o 


fonaprer reer re! a) us (+) 
Otophocaenurus 


Torynurus + 
Skrjabinalius (+) 
Crassicaudidae 
Crassicauda + + + + + 
Placentonema (+) 
Trichinellidae 
Trichinella -+ 


++ 
+ + ++ 


++ 
+ ++ + +4 
+ 











At the same time, we know of only nine helminth families in baleen 
whales, of which Notocotylidae is very typical, but none is specific. The 
helminthic fauna of Mysticeti does not include the families of Galactosomatidae, 
Opisthorchidae, Ratziidae, Pholeteridae, Brauninidae, Brachyleimidae, Tentacu- 
lariidae, Pseudaliidae, and Trichinellidae species of which invade toothed 
whales. All of these families, with the exception of the last one, are trema- 
todes, and the vectors are mollusks which baleen whales hardly eat. 


There are equally sharp differences between the helminths of Odontoceti 
and Mysticeti, if we compare the genera for which they are the hosts, 
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In toothed whales, 47 genera of helminths have been demonstrated (of the 
50 known in cetaceans), and 23 of them are specific.* In contrast to toothed 
whales, only 14 genera have been demonstrated in baleen whales, and only one 
of them is specific. “ 
There is very great inconsistency with regard to number of specific 
species. In all, there are 107 specific helminth species in all cetaceans, 90 - 
of which were demonstrated in toothed whales and only 17 in baleen whales. 


Analysis of the data in Table 76 leads us to the conclusion that, in 
addition to specific helminth genera for a given family of hosts, there are 
also nonspecific genera, but they may be specific for a suborder or order, 
or nonspecific ones for a suborder may be specific for all Cetacea. The 
same applies to the helminth families. 


There are only three families of helminths that are specific to cetaceans: 
Pholeteridae, Brauninidae, and Crassicaudidae. All the general and species 
thereof are limited to the Cetacea as parasites. But of these families, only 
one, Crassicaudidae (as well as three specific genera -- Crassicauda, Lecitho- 
desmus, Priapocephalus), has been demonstrated in both cetacean suborders. 


Other specific helminth genera of cetaceans are referable to families, 
and some specific species are referable to genera that are not specific to 
cetaceans. These taxa have hosts beyond the cetacean range, chiefly among marine 
or water-related animals. There are 16 such families and 23 such genera. If 
we refer to these genera, we can readily establish that eight of them are 
related only to pinnipeds, and two to pinnipeds, fish, and oceanic birds; two 
are related to pinnipeds, terrestrial mammals, and man; four -- to terrestrial 
carnivorous mammals; two -- to pinnipeds and salt water fish; one -- two 
marsupials, ungulates, and rodents; one -- to fish and reptiles; one -- to 
birds only’ and two -~ to various marine organisms (other than mammals). 


If we consider that there is only one specific genus of helminths in 
baleen whales and three that invade both suborders of cetaceans and nothing 
else, the other 10 genera of helminths (71.4%) link them in some way or other 
to the helminthic fauna of other animals. If we refer to toothed whales, we » 
see that they have 23 specific helminth genera and the same three that invade 
both cetacean suborders. Thus, the remaining 22 (45.8%) are linked to the 
helminthic fauna of other animals that are unrelated to cetaceans. Hence the 
paradoxical conclusion that there is a broader link between the helminthic fauna 
of baleen whales and that of other animals than to the fauna of toothed whales. 
It should be borne in mind, however, that of the ten helminth genera of Mysti- 
cetic mentioned, only one is not listed for Odontoceti. Thus, the helminthic 
fauna of Odontoceti and Musticeti is much closer than would appear at first 
glance, but still, there are more differences between them than similarities. 


*Al11 genera of helminths (including Leucasiella, Strobilocephalus, Stenurus, 
Torynurus) are specific to Odontoceti the species of which invade one or 
more families of this cetacean suborder. 
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In order to demonstrate the reasons for these obvious differences, we 
should refer more to the ecology of toothed and baleen whales than to phylogeny 
The fact that baleen whales constitute a small population, they present narrow 
np esa aie they feed only in the Superficial layers of water on planktons 

are not very diversified, occasionally mollusks and school fish, and other 


ecological distinctions are involved in formation of a helminth structure that 
is not very original. The diet of toothed whales is quite different. Numer- 
ous species of these cetaceans, which inhabit the world's oceans very exten- 
sively, have conquered various ecological niches; they have adapted to feeding 
at different depths and on very diversified food; in the course of historic 
development they had greater opportunities (than baleen whales) to become the 
hosts of numerous specific species and genera of helminths. Thus, the 

present qualitative difference between the helminths of toothed and baleen 
whales is the result of a lengthy process of development of ecological differ- 
ences between these suborders of Cetacea. As for the nonspecific species, 
they should be viewed as the result of occurring and established ecological 
contacts and ties between cetaceans and other animals. 


3. General Patterns of Distribution of Cetacean Helminths 





Zoogeographic analysis of the helminthic fauna of cetaceans involves some 
difficulties; in the first place, cetaceans perform major seasonal migrations 
that usually go beyond the boundaries of one zoogeographic region; in the 
second place, the distribution of different cetacean species is related to 
different ecological zones of the world's oceans, and some even inhabit rivers; 
in the third place, the helminths of cetaceans in different zoogeographic 
regions have not been studied to the same extent by far. For example, there 
is very little information about the helminths of the marine mammals of the 
tropical region. Difficulties also arise because there is still no agreement 
as to the exact boundaries of zoogeographic regions of the world's oceans. 


We have already indicated that we now know of 149 helminth species that 
are parasites of cetaceans. We selected 147 species* for zoogeographic analysis 
that are very irregularly distributed in the zoogeographic regions of the 
world's oceans. 


In the cetaceans of the Arctic region, we know of 25 helminth species 
(eight trematodes, three cestodes, six thorny-headed worms, eight nematodes), 
seven of which are endemic (L. arctica, 0. albamarinus, 0. pigmaeus, 0. sudari- 
kovi, C. alaskanse, S. arctomarinus, S. pallasii). The nematode, Trichinella 
spiralis, demonstrated in cetaceans only in the Arctic, is encountered in other 
hosts far beyond this region. There are no helminth genera that are endemic to 
the Arctic region. There are six species in common with the Boreo-Atlantic 
region, 16 -- with the Boreo-Pacific, two with the Notalian, and two with the 
Antarctic. Only one widespread nematode species (T. decipiens) of the Arctic 
fauna is related to the tropical belt. It should be noted that some of the 


*T, innominatus and C. duguyi were excluded since there is no information 
about the site where their hosts were obtained. 
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common helminths have been demonstrated in cetaceans of the Arctic and in 
pinnipeds in other regions. 


The helminthic fauna of cetaceans of the Bore~Atlantic regions is more 
abundant than among their relatives in the Arctic. Cetaceans of the Boreal 
Atlantic are the hosts of 53 helminth species (12 trematodes, 13 cestodes, eight 
thorny-headed worms, 20 nematodes). There are 20 endemic species (T. skrjabini, 
C. delphini, C. palliata, C. rochebruni, S. tursionis, G. erinaceum, Ph. gastro- 
philus, T. diplosoma, D. stemacephalum, B. vasculosum, A. typica, H. delphini, 
H. kleinenbergi, H. ponticus, H. taurica, S. ovatus, T. alatus, S. cryptocephalus, 
C. anthonii, C. bennetti). The cestode, D. latum, has been recorded in ceta- 
ceans only in the North Atlantic, and in other animals beyond this region. 

There are three endemic genera (Synthesium, Pholeter, Skryabinalius) and no 
endemic families. The other 33 species link the helminthic fauna of the Boreo- 
Atlantic region to other regions. There are six helminth species in common 
with the Arctic region, 22 with the Boreo-Pacific, three with the Tropical 
Atlantic, one each with the Tropical Pacific and Indian Ocean, 18 with the 
Notalian region, and 15 with the Antarctic region. 


As we have already noted (Delyamure, 1955; A. Skryabin, 1958) the 
helminthic fauna of cetaceans of the Boreo-Pacific region is notable for extreme 
abundance, uniqueness, and originality. In these waters, 72 helminth species 
have been demonstrated in cetaceans (22 trematodes, 19 cestodes, nine thorny- 
headed worms, and 22 nematodes), not counting commensal nematodes (0. ceti). 
There are 30 endemic species, and six endemic genera are known (Oschmarinella, 
Zalophotrema, Nasitrema, Delphinicola, Hexagonoporus, Delamurella) plus one 
endemic family (Nasitrematidae). There are 15 species in common with the 
Arctic region, 22 with the Boreo-Atlantic, three with tropical Pacific, two 
with the tropical Atlantic, 16 with the Notalian, 17 with the Antarctic, and 
none in common with the tropical zone of the Indian Ocean. The profusion and 
uniqueness of the helminths of cetaceans in the Boreo-Pacific region are 
indicative of the fact that these waters have been and apparently now are the 
principal center of speciation of helminths of marine animals. 


The helminthic fauna of cetaceans in the tropical region of the world's 
waters is considerably sparser than that of the Boreal and even Arctic regions. 
This is attributable to the relative sparsity of marine mammals in the tropics, 
particularly large cetaceans, and, in part, to the fact that their helminths 
have been little studied. 


There are only six known helminth species (two trematodes, one cestode, 
three nematodes) in cetaceans of the tropical Atlantic region. There are two 
endemic species (A. insignis and H. brasilensis) and no endemic genera. One 
very widespread nematode species (I. decipiens) links the fauna of cetaceans 
of the tropical Atlantic region to the Arctic region, Antarctic, and tropical 
zone of the Pacific; there are three species in common with the Boreal Atlantic, 
two -- with the Boreal Pacific, and one -- with the tropical zone of the Indian 
Ocean. We are impressed with the fact that there are no thorny-headed worms 
among the cetaceans inhabiting the tropical Atlantic region. 
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There is a substantial difference between the helminthic fauna of 
cetaceans in the tropical zones of the Indian and Pacific oceans (Tropico-~ 
Indo-Pacific region). 


They do not have a single species of helminths in common, so that we 
shall discuss them separately. 


The range of helminths in cetaceans of the tropical region of the 
Pacific is relatively sparse but very distinctive. We know of one endemic 
genus (Pseudostenurus), and eight out of 11 species (one trematode, one cestode, 
and nine nematode) demonstrated in these animals are endemic. Three non- 
endemic helminth species have been reported in the Boreal Pacific, and one 
of them (T. decipiens) is known in cetaceans of the Arctic, Boreal and tropical 
Atlantic, and in pinnipeds of the Antarctic. There are no species in common 
with other regions. There are no thorny-headed worms, and a very sparse 
trematode and cestode fauna. 


In cetaceans of the tropical region of the Indian Ocean, 11 helminth 
species have been demonstrated (six trematodes, one thorny-headed worm, four 
nematodes). There are five endemic species, three of which have been found 
in the river dolphin (P. gangetica). There is one endemic genus (Cetitrema). 
There are four species in common with the Notalian zone, two -- with the Antarc- 
tic, two -- with the Boreal Atlantic, and one -- with tropical Atiantic. The 
spectrum of helminths of cetaceans in the Indian Ocean differs from that of 
cetaceans in other tropical zones by the abundance of trematodes, presence 
of thorny-headed worms, and absence of cestodes. 


The cetaceans of the Notalian (Antiboreal) zone are hosts for 38 hel- 
minth species (three trematodes, 14 cestodes, eight thorny-headed worms, 13 
nematodes). There are nine endemic species and no endemic genera. There is 


one species in common with the Arctic region, 17 -- with the Boreo-Atlantic 
region, four -~- with the tropical zone of the Indian Ocean, and 23 -- with the 
Antarctic. 


The helminths of cetaceans in the Antarctic zone are represented by 
28 species (three trematodes, 13 cestodes, six thornyOheaded worms, and six 
nematodes). There are three endemic species; this is an arbitrary classifi- 
cation since most cetaceans (including the hosts of these helminths) inhabit 
the Antarctic only in the spring and summer, and go to Notalian and subtropical 
waters in the fall. Of course, the parasites shift to the North with their 
hosts. The possibility cannot be ruled out that there is some change in 
species composition of helminths under new conditions, but this occurs gradu- 
ally and beyond the boundaries of Antarctic waters. In this respect, 
Corynosoma mirabilis is of great interest; A.S. Skryabin demonstrated this 
thorny-headed worm (1968) only in large male cachalots, in the course of two 
whaling seasons, in the waters of the Antarctic and southern boundaries of 
the Notalian zone. But their range of distribution also goes beyong the 
boundaries of the Antarctic zone into the Notalian in some places. Thus, the 
helminthic fauna of Antarctic cetaceans does not have an independent endemic 
nuclus; it is very closely related to the Notalian zone and through it to 
other regions of the world’s oceans. We know of 14 species in common for 
the Antarctic and Boreal Atlantic, 16 -- with the Boreal Pacific, two —- with 
the tropical zone of the Indian Ocean, and one species -~- with the Arctic. 


- 426 - 


There are 16 endemic species of helminths in the entire Antarctic region 
as a whole, including the Notalian and Antarctic zones. In addition, rorquals 
of both zones in the Antarctic region have demonstrated commensal nematodes, 
Odontobius ceti. 


These data on the number of helminth species in cetaceans of different 
zoogeographic zones are totally consistent with the general laws of biological 
structure of the ocean. In the tropics there are considerably fewer cetaceans 
than in temperate zones, with a low-density population. The same applies to 
the vectors of cetacean helminths (invertebrates, fish) which are relatively 
poorly represented quantitatively, against a background of qualitative diversity. 
Under such conditions, the required degree of invasion cannot be reached, hence 
the paucity of the helminthic fauna. In the temperate zones of the northern 
and southern hemispheres, we observe an increase in qualitative diversity of 
helminth species, and another visible decrease in the polar regions. Thus, 
as noted by S.L. Delyamure (1955), the symmetrical distribution in the ocean, 
established on the basis of studying freely living organisms also applies to 
parasitic animals. 


Let us refer to the facts established by S.L. Delyamure (1956) proving 
the amphiboreal and bipolar distribution of cetacean helminths. 


A comparison of the cetacean helminths in the Boreo-Atlantic and Boreo- 
Pacific regions revealed that there are 22 species of helminths in common, 16 
of which are distributed amphiboreally, i.e., they are encountered in the 
Boreal parts of the Atlantic and Pacific oceans. Trigonocotyle and Pseudalius 
are amphiboreal genera. 


It is harder to settle the question of bipolar helminth species, since 
many cetaceans inhabiting the Notalian zone migrate periodically to Antarctic 
waters. This is why almost all species of cetacean helminths common to the 
Boreal and Notalian zones have also been demonstrated in Antarctic waters. 
However, in view of the fact that the presence of these species in polar waters 
is temporary, we consider them to be bipolar. 


Thus, the helminths of cetaceans, which present the distinctions of 


parasitic organisms, are part of the marine fauna and are governed by the laws 
of geographic distribution inherent to freely living marine animals. 
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Chapter 18 


THE ORIGIN OF CETACEA 


Some investigators, who found substantial differences between Odontoceti 
and Mysticeti, believed it possible to maintain that these groups originate 
from utterly different ancestors and that their outward resemblance should be 
attributed to convergence (Paquier, 1895; Racovitza, 1903; Gregory, 1910; 
Kukenthal, 1922; Kleynenberg, 1958; Anderson, Jones, 1967; Rice, Scheffer, 1968). 
At the same time, other scientists, on the basis of numerous signs of similarity 
in the structure of representatives of these groups, defend the view that the | 
origin of baleen and toothed whales is monophyletic (and consequently that there 
is parallel rather than convergent nature of development; Weber, 1886a; Kellogg, 
1928; Slijper, 1936, 1962; Romer, 1939; Tomilin, 1957, 1962; van Valen, 1968, 
and others). 


The debate between proponents of these two conceptions of development of 
cetaceans has already lasted several decades, but it is essentially fruitless 
because, in the absence of paleontological material, for each newly found 
character of substantial difference between groups there is an equally substantial 
(in the opinion of proponents of the opposing hypothesis) character of similarity 
between these groups. 


There are two principal routes of recreating the phylogenesis of any 
group: 1) direct restoration of fossils leading to the present situation, and 
2) comparison of contemporary forms for the purpose of determining the degree 
of similarity (and, accordingly, of relationship). Neither route can be fully 
implemented. Thus, because the paleontological records are incomplete, we 
cannot hope to obtain a sufficient series of forms of reaching a given phylum 
as function of time, either now or in the future. We could even voice the 
assumption that the "resolving capacity” of the paleontological method of 
reconstructing phylogenesis is unlikely to ever permit the plotting of conclus- 
ive phylogenetic diagrams within the framework of a family for tertiary verteb- 
rates (because of the difficulties involved in interpreting only solid fossils, 
the sparse discoveries, the impossibility of estimating accurately enough, 
at least within the range of a few million years, i.e., mean time of existence 
of a species, dating the finds, etc.). It would seem that these obstacles are 
largely obviated when we analyze the correlations of phyla on a larger scale -- 
families and orders, However, here the basic difficulty arises of interpreting 
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Similarity in terms of relationship, i.e., the same difficulty, which makes it 
impossible to make a definitive conclusion as to relationship on the basis of 
analysis of similarity alone in contemporaneous forms, 


In the Eocene -- Oligocene, as shown by paleontological finds. the 
following existed contemporaneously in the seas: 1) three unrelated branches 
of one or several phylogenetic trees (presently usually combined in the 
Archaeoceti group): Dorundontidae, Basilosauridae, and Patriocetidae; 2) the 
definite immediate ancestors of contemporary baleen whales (Cetotheriidae), and 
3) two groups referred to the immediate ancestors of contemporary toothed whales 
(Agorophiidae and Squaledontidae) (Figure 219). All three (or at any rate some 
of the mentioned groups of upper Eocene Archaeoceti) could be related to the 
more ancient lower Eocene Protocetidae, on the basis of structural features of 
the skull and postcranial skeleton. However, the relationships between Archaeo- 
ceti and Cetotheriidae and Squalodontidae + Agorophiidae are absolutely unclear. 
Some resemblance of skeletal structure could be attributed with equal justifica- 
tion to either convergence* or true phylogenetic relationship, or, finally, to 
a resemblance arising on the basis of paraphyletism.** Determination, however, 
of the route followed in this instance is again based on the need, first to 
learn the paleontological history of even more ancient forms, and second to 
assess the features of resemblance of contemporaneous forms in terms of relation- 
ship. The last problem is, in essence, the most important one as well in 
assessing the correlations between contemporary forms. 


The example discussed above with evaluation of correlations between 
extinct forms indicates that the widespread conviction of neontologists that 
paleontological methods are omnipotent with respect to reconstruction of phylo- 
genesis is fallacious: at the most important stage of investigation, the paleon- 
tologist, like the contemporary zoologist, has to derive a conclusion as to 
relationship merely on the basis of similarity. 


As was already indicated previously (Yablokov, 1964), the following can 
serve as criteria for recognizing similarity as the result of possible converg- 
ence: the "paleontological" principle (existence of a continuous series of 
changes in a given character in the history of the group), the principle of 
“depth of similarity" (impossibility of profound inner similarity on the onto- 
genetic level in the case of convergence; see more details in: Timofeyev- 
Resovskiy et al., 1969), the principle of "independent third" (when, in another 
group living under similar conditions, some character emerges known to be con- 
vergent with reference to either of the two groups being compared, there is 
reason to assume that there is a possibility of convergent similarity between 
these two groups as well). Since we have already made a more comprehensive 
comparison of toothed and baleen whales in the description of systems of ceta- 
cean organs (see chapters 1-11), we can limit ourselves here merely to enumera- 
tion of the main features of this kind. 
*Resemblance arising independently in different phyla due to adaptation to 
aquatic life. 

**Parallel development of different groups originating from the same but very 
remote ancestral group. 
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Figure 219, Diagram of skull structure in representatives of three 


groups of cetaceans that lived in the Eocene -- Myocene. 


Left to right: Proseuglodon (Basilosauridae), Prosqualodon (Squalodontidae), 
Cethotherium. The letters used are the same as on Figure 19 (according to 
data of different authors) 


Main Features of Similarity in Baleen and Toothed Whales 


Ls 


2. 


Development of streamlined body, 

Transformation of a bifurcate tail into the main organ of propulsion, 
Transformation of anterior limbs into flippers. 

Elongation of facial part of the skull. 

Absence of clavicle. 

Disappearance of posterior extremities and sacrum. 

Foreshortening of cervical spine. 

Elongation of caudal spine and presence of chevron bones. 

Loss of external hair, as well as of sebaceous and sweat glands. 
Strong development of epidermis and hypodermis, 


Shifting of mammary glands to the posterior part of the belly. 
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12. 
13. 
14. 
15. 
16. 
17. 
18. 
19, 
20. 
21. 
22. 
23. 
24. 
25. 
26. 
27. 
28. 
2%. 
30. 
31. 
32. 
33. 
34. 
35. 
36. 


37. 


Development of spongy structure of bone. 

Shift of external respiratory orifice to the top of the head. 
Presence of hyperphalangisn. 

Sloped diaphragm. 

Development of single-lobe lungs. 

Development of stomach with multiple divisions. 

Absence of gallbladder. 

Internal location of testes. 

Presence of bicornuate uterus, 


Development of lobulate [renicular] kidney structure. 


Development of tapered, fibroelastic type penis; absence of os penis. 


Presence of rete mirabile in the vascular system. 

Presence of sporta in the kidneys. 

Presence of diffuse type of epitheliochorionic placenta. 
Scars of coropora lutea of pregnancy are retained for life. 
Absence of vesicular glands. 

Identical (44-48) number of chromosomes. 

Development of uterus masculinus. 

Presence of fructose in amniotic fluid. 

Presence of circular folds in vagina, 

Reduction of olfactory lobes of the brain. 


Reduction of external ear. 


Division of hypophysis into neurohypophysis and adenohypophysis. 


Highly differentiated cerebral cortex. 
Radial network of vessels in the retina of the eye. 


Development of Harderian glands. 
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A comparison indicates that almost all of the above main skeletal 
features characterizing the Cetacea group as a whole (i.e., the first eight 
characters) are also typical for the Sirenia order and, in part, for Pinnipedia. 
The elongated facial skull could have developed independently, as it has often 
been the case among, for example, different groups of reptiles that changed 
to ichthyophages (Romer, 1966). For the time being, we do not have sufficient 
unequivocal evidence of divergent development of Archaeoceti and other cetacean 
groups. Consequently, we obviously do not have enough grounds to retain this 
group as a "legitimate" cetacean suborder. 


Virtually all of the above-listed features have a distinct adaptive signi- 
ficance, and they are typical for a number of other mammalian groups. Thus, 
hair has disappeared from sirenians, large pinnipeds, ungulates, and Proboscidea; 
Sirenia, like Cetacea, have no sebaceous or sweat glands. The mammary glands are 
shifted to the posterior belly of many pinnipeds, Carnivora, and other mammals. 
Sirenia are also characterized by spongy bone structure, as well as shifting of 
the nasal orifice to the superior part of the head. It is not only in cetaceans 
that the anterior limb is transformed into a flipper; this also applies to 
Sirenia, Pinnipedia, and even some Carnivora (Enhydra lutris), while hyperpha- 
langism may be interpreted as a rapid evolutionary response to the need for a 
well-developed flipper, as had already occurred in the history of development 
of plesiosaurs, ichthyosaurs, and Archaeoceti. The inclined position of the 
diaphragm is also typical for other aquatic mammals: sirenians, pinnipeds. 
Single-lobe lungs are also typical for many mammals with predominantly diaphrag- 
matic respiration and relatively immobile thorax (elephant, hippopotamus, rhino- 
ceros, orangutan). Many mammals do not have a gallbladder (elephants, horses, 
camels, rats); sirenians, some bats, and anteaters also have complex, multi- 
chamber stomachs; the testes are located in the abdominal cavity of pinnipeds, 
Edentata, Proboscidea, Sirenia, Hyracoidea, and other animals, A lobulated 
kidney structure is typical for many large ungulates, Carnivora, all pinnipeds, 
some rodents, and Proboscidea; A conical penis without baculum is encountered 
in sirenians and the hippopotamus; a bicornuate uterus is widespread among 
Carnivora, Insectivora, and ungulates; the external ear is reduced in sirenians 
and pinnipeds; finally, a rete mirabile develops not only in cetaceans, but 
also in a number of other mammals. 


Thus, most of the features the aggregate of which characterize the order 
of Cetacea in its contemporary range, are also encountered in other mammalian 
orders, so that the presence of these traits in Odontoceti and Mysticeti cannot 
serve as irrefutable proof of the common origin of these groups. 


In his extremely interesting work, L. van Valen (1968) discusses compre- 
hensively most of the osteological features submitted by A.V. Yablokov (1964) 
in three groups of cetaceans (ancient, baleen, and toothed whales), and he 
concludes that there was divergent and paraphyletic development thereof in 
contemporary forms from the middle Eocene Protocetidae. Of course, it is 
possible to interpret the existing data in this manner, but this does not 
preclude other views; in the second place, such interpretation does not explain 
completely the paleontological finds known to us, and first of all the 
appearance of fully formed baleen whales of the Cetotheriidae family (with 
well-developed baleen system and the type of skull that is typical for baleen 
whales (Figure 220) of the middle Oligocene. According to the numerous examples 
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of well-studied phyla, a period of time of the order of several (usual many 
dozen) million years is required for development of a set of features charac-— 
terizing a new genus (let alone a family) of mammals. The appearance of a 
baleen system could not have occurred faster also because such a transformation 
required total loss of the tooth system. With respect to nature of ontogenetic 
differentiation, the baleen system is derived from the epidermis of the mouth 
(Chapter 4) and it is incocneivable that the tooth system would be functionally 
adjacent to the baleen plates in their primordial state. No doubt, the teeth 
had to disappear first (as is observed, for example, in some forms of cetaceans -~ 
teuthophages, and even to a larger extent in sirenians with their cornified 
structures on the palate) and only after this (as a result of rather complex 
and even tentatively still unknown vectors of selection that could have been 
active at that time) should the baleen plates have emerged, similar to those 
that were present in Cetotheriidae. For this express reason, the problem is 
not solved by including in the baleen whale group the Aetiocethus from the 
late Oligocene (Emlong, 1966); most likely, such inclusion (van Valen, 1968) 

is not sufficiently substantiated (unfortunately, we have not had the opportunity 
to see the collections first hand, but, according to the description, Aetio- 
cethus could be a representative of one of the diverging branches of Patrio- 
cetidae or other Archaeoceti group, as well as a representative of one of the 
ancient branches of Odontoceti)., 
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Figure 220. Chronological diagram of known paleontological finds of 
different cetacean groups (according to data of B.A. Trofi- 
mov and V.I. Gromova, 1962, with additions) 


1) Protocetidae 6) Platanistidae 10) Acrodelphidae 14) Cetoteridae 
2) Dorudontidae 7) Ziphiidae 11) Monodontidae 15) Balaenopteridae 
3) Basilosauridar 8) Physeteridae 12) Delphinidae 16) Balaenidae 


4) Agorophiidae 9) Eurinodelphidae 13) Hemisyntrachelidae 17) Eschrichtiidae 
5) Squalodontidae 
ce ge 


Continuing our analysis of groups of contemporary cetaceans according to 
the system proposed above, let us consider the features that differ in repre— 
sentatives of these groups, 


We submit below the features with reference to which differences were 
demonstrated between representatives of different cetacean groups. Thus. we 
find that although development of a large layer of subcutaneous blubbler is 
typical for all contemporary cetaceans, examination of the integument reveals 
several features that are quite different in Mysticeti and Odontoceti (Sokolov, 
1960). There is also a considerable difference between the biochemical charac- 
teristics of blubber (Kizevetter, 1953; Slijper, 1962). The structure of the 
pectoral limbs of baleen and toothed whales, which play the part of a rudder 
differs appreciably with regard to arrangement of skeletal elements and number 
of digits, as well as musculature (Beneden, Gervais, 1880; Howell, 1930b). 


There is also a difference in nature of disappearance of superficial hair 
(Yablokov, 1963). Recent investigations (Slijper, 1962) indicate that the 
structure of hemoglobin is not the same in Mysticeti and Odontoceti. As a 
rule, all cetaceans give birth to a single and very large offspring capable of 
moving independently immediately after birth, but the nature of embryonic 
development, according to relative development of different parts of the fetus, 
is different in representatives of contemporary suborders (Pilleri, Wandeler, 
1964). Such a seemingly common feature as reduction of olfactory lobes of the 
brain turns out to be a distinguishing rather than uniting factor upon closer 
scrutiny, since the nature of changes occurring’ in the brain of baleen and 
toothed whales, as compared to the same structures of other mammals, is quite 
different (Breathnach, 1960; see also Chapter 9). An analogous situation is 
found (see the latest survey in the work of G.A. Mchedlidze, 1970) with regard 
to several structures that have been submitted to comprehensive anatomic 
investigation and comparison. For this reason, there is complete validity to 
the conclusion that the resemblance between Odontoceti and Mysticeti 
is perhaps convergent. 


This assumption (convergent similarity of the features discussed) is 
confirmed both by onset thereof in development of other groups of mammals known 
to be phylogenetically remote (the third of the above criteria) and possibly 
by the superficial nature of resemblance (second of the above criteria). 


There are profound ecological differences between the contemporary sub- 
orders of cetaceans, It is also quite probable that the main food of Archaeoceti 
consisted of much larger animals than most of the contemporary squid and fish. 


It is interesting to note that the nature of evolution of the groups of 
toothed, baleen, and ancient whales is not the same (Kleynenberg, 1958): baleen 
whales have passed the peak of their flourishing (Myocene) and now exist as a 
few rather specialized representatives; toothed whales, however, are now at the 
Stage of evolutionary flourishing. 


As we conclude this comparison of different cetacean groups, with refer- 
ence to their possible phylogenetic relationship, we cannot help but agree with 
A. Romer (1968) that there is no serious proof of a phylogenetic link between 
them, 
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Table 77. 


Some distinguishing features of baleen and toothed whales* (accord- 


ing to Yablokov, 1964 with alterations and additions) 


Mysticeti 


Well-developed vomer, temporal and 
palatine bones 


Symmetrical skull 


Margin of choanae formed by palatine 
bones 


Flat pterygoid bone 


Mandible not fused in symphysis; 
condules directed upward 


Massive and solitary hyoid bone 
No sternal rib segments 

Rigid thorax 

Usually four digits in manus 
Triangular pelvic bones 


Macrocircular plates in osseous 
tissue 


No teeth in adulthood; developed 
baleen system 


Mandible always wider than maxilla 
Partial occlusion 
Large tongue, variable form 


Sensory foveolae on the tip of the 
snout 


Wide larynx, with retrolaryngeal sac, 
inconsistent separation of pharynx 


Always three divisions in stomach 


Length of intestine never more than 
nine times longer than body 


Cecum usually present 


Colon constitutes no more than 10% 
of entire intestine 


Two main bile ducts going from 
pancreas 


Thin mesentery with large folds 


Odontoceti 
Negligible development of vomer, temporal 
and palatine bones 
Asymmetrical skull 


Margin of choanae formed by pterygoid 
bones 


Pterygoid bone forms a complex system 
of sinuses 


Mandible fused in symphysis; condyles 
directed backward 


Hyoid with mobile joints 

Sternal segments always present in ribs 
Mobile thorax 
Always five digits in manus 
Columnar pelvic bones 


General plates present but no macrocir-— 
cular plates in bone tissue 


Teeth always present, baleen system not 
developed 


Maxilla always wider than mandible 
Complete occlusion 
Small tongue, stable form 


Sensory foveolae (chemoreception organs?) 
at the base of the tongue 


Tubular larynx, no retrolaryngeal sac, 
constant transverse partition of pharynx 


Three to 13 divisions in stomach 


Intestine usually over 10 times longer 
than body 


Cecum usually absent 


Colon constitutes over 10% of total 
intestine 


Always one duct from the pancreas 


Thick mesentery with fine folds 


*See Table 50 for the differences in structure of the nervous system. 
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Table 77. (continued) 


Mysticeti 
Always two external blowholes 
No system of supracranial air passages 
Open tracheal rings 
Tubular respiratory lung sections 


Branches of caudal artery in front 
of transverse processes 


No muscle sphincter on the inferior 
vena cava 


Urinary canal very short, opening 
on the surface of the urogenital 
papilla 


Bladder size is 100-150 cc per 
100 kg of body weight 


Females always larger than males 
Vaginal ligament present 


There is never a "plug" in the 
the cervix uteri 


Striated ovaries, exposed 
Average of two ovulations per year 


Primarily low-frequency (infrasonic) 
sounds emitted 


Wax ear plug present in external 
auditory meatus 


Ear bone directly connected to skull 
Simple system of parotid sinuses 
Concha with 2-2.5 coils 


Sounds generated in larynx and retro- 
laryngeal sac, nondirectional 
emission of sound 


No echolocation 
Thick sclera 
Vibrissae always present in adults 


Feed mainly on plankton and fish 


Usually join only in small groups, 
mature males are the center 
of the group 
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Qdontoceti 
Always one blowhole 
Complex system of supracranial air pass, 
Closed tracheal rings 
Acinous respiratory lung sections 


Branches of caudal artery always behind 
transverse processes 


Well-—developed muscle sphincter on the 
inferior vena cava 


Urinary canal well developed, opening 
on the surface of crista uretrae 


Bladder size is 20-50 cc per 100 kg 
of body weight 


Males usually larger than females 
Vaginal ligament absent 


"Plug" develops in cervix uteri in 
pregnancy 


Smooth ovaries, always in ovarian sac 
Average of one ovulation per year 


High-frequency (ultrasonic) sounds 
emitted over a wide range. 


No wax plug in auditory meatus 


Ear bone not directly connected to skull 
Complex system of parotid sinuses 
Concha with 1.5 coils 


Sounds generated in supracranial air 
sacs and larynx, directional sound 
emission 


Echolocation present 
Thin sclera 
Vibrissae usually lacking in adults 


Mainly ichthyophages, teuthophages, and 
sarcophages 


Highly sociable, herd animals, with 
complex internal herd structure; central 
figure in a group: adult female 


Table 77. (continued) 


Mysticeti Odontoceti 
Complex forms of behavior are not The most complex forms of behavior are 
typical typical 
Sexual behavior does not include Diversified manifestations of sexual 
complex play activity 
Minimally specific helminthic fauna Highly specific helminthic fauna (23 out 
(one out of 14 genera of helminths of 47 genera of helminths are specific) 


is specific) 


a a Se A SS SS SS es SS Or 


Already completely formed, specialized baleen and toothed whales, as 
well as unique ancient whales differing from both, appear unexpectedly in 
paleontological history, without intermediate links that could relate them 
to terrestrial mammals. As before, creodonts, primitive Insectivora, and 
ungulates can be mentioned as possible ancestral forms of cetaceans on 
various (and hypothetical in all cases) grounds. Against such a background, 
it is possible to assume that various cetacean groups originate from absolutely 
different ancestors, or else that all cetaceans stem from the same root. At 
the present stage of our knowledge, neither of these views can be definitively 
accepted or definitively rejected. The routes to follow to solve this problem 
lie in the area of accumulation and analysis of considerable paleontological 
material dealing with Eocene, Paleocene, and early Myocene whales, on the one 
hand, and further in-depth investigation of fine biological distinctions of 
existing groups of cetaceans, primarily their biochemistry and cytogenetics, 
on the other hand, 


In conclusion, we can stress one interesting distinction of phylogenesis 
of several groups of cetaceans. Even in the Oligocene, i.e., something like 
35-40 million years ago, representatives of three contemporary families of 
toothed whales existed: Ziphiidae, Physeteridae, and Delphinidae. Some genera 
of these families have been in existence for about 20 million years, which is 
close to the maximum range of contemporary genera of mammals in general. It 
may be assumed that such amazing stabilization of both the group as a whole 
and of different forms of toothed whales is related, on the one hand, to 
rather stable living conditions in water and, on the other hand, to acquisi- 
tion in remote antiquity of the principal basic adaptations to permanent life 
in an aquatic environment, 
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APPENDICES 


To date, there is no unification of Russian and scientific (Latin) 
names of Cetacea, or a complete roster of cetacean species in the waters of the 
world; we deem it purposeful to submit such a list (Appendix 1). 


In Appendix 2, we submit a brief system of standard measurements and 
external examination of cetaceans in the hope that it will be of service to 
obtain comparable data when investigating cetaceans and especially as a guide— 
line for new investigations. 
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Appendix 1 


SYSTEMATICS OF CETACEANS 


In spite of the numerous special works dealing with systematization 
of cetaceans, a definitive system of Cetacea has not yet been created. In the 
first place, the species-specific diversity of forms has not yet been completely 
described (up to recent years, more and more new species of toahed whales were 
described). In the second place, supraspecific groups have not been sufficiently 
developed (the composition of different genera and of almost all existing 
families of cetaceans is not clear). In the third place, the systematic 
ranking of the two main groups of cetaceans, Odontoceti and Mysticeti (see 
Chapter 18) has not yet been established. 


The system of whales and dolphins used in this book is based on the 
Perechen' Morskikh Mlekopitayushchikh Mira (A List of the Marine Mammals of the 
World) by D. Rice and V. Scheffer, and Perechen’ Sovremennykh Kitov (A List 
of Contemporary Whales) by F. Gershkovich (1966). 


Both these guides have gained broad recognition among specialists in 
the field of marine mammals and, with a few rare exceptions (referable mainly 
to application of item 53g of the International Code of Zoological Nomenclature 
concerning the validity of retaining the species names used for the last 50 
years, even when priority rules are infracted) reflect well the general 
Status of cetacean systematics at the present time. 


In the list of species submitted below, the material is presented in the 
following order: next to the name of the family is indicated the known time of 
existence of that family according to paleontological findings; after the Latin 
name of the genus and species, the Russian name is usually given (it was diffi- 
cult to pick a Russian name for some species of tropical and rare cetaceans, 
because there is none in the scientific literature -- in such cases, either 
the translation of the English name or the Latinized name commonly used in 
scientific literature is indicated); after the Russian name, the tentative 
length of adult animals is indicated (it should be borne in mind that larger 
and smaller specimens may be encountered); the brief description of the species 
ends with general indications of its distribution in the Pacific Ocean. 


In conclusion, let us point to some specific “weak points" in the 


cetacean classification presently used. There is reason to believe that the 
group of river dolphins (Platanistidae) may be ranked higher than a family. 


ce 


The systematics of the genus Sotalia appear to be rather imperfect, while in 
the genus of short-headed dolphins (Lagenorhynchus) the distinction of three 
types of southern dolphins is still not clear. The systematics of such genera 
as Stenella, Cephalorhynchus, Orcaella, and Phocoena have been very inadequately 
developed. There has not been sufficient substantiation of the position of the 
genus Tasmacetus in the Hyperoodontidae family and that of Kogia in the Physe- 
teridae family (perhaps, the genus Kogia merits distinction as an independent 
monotypic family). These cursory remarks do not, of course, exhaust the 
problems that emerge when studying systematics of cetaceans (M. Nishiwaki, 
1963, and F. Fraser, 1966, have made a survey of some problems related to 
dolphin systematics). 


Odontoceti -- Toothed Whales 
Family of Platanistidae -- river dolphins; lower Myocene -—- present time 
Genus Pontoporia Gray, 1846: 


Pontoportia blatnvillet Gervais, 1844; La Plata dolphin; 1.5 meters; 
La Plata River, South American coast. 


Genus Inta d'Orbigny, 1834: 


Inia geoffrensts Blainville, 1817; Amazon River dolphin, inia; 

2.0 meters; Amazon River basin. 
Genus Lipotes Miller, 1918: 

Lipotes vextlitfer Miller, 1918; Chinese River dolphin; 2.1 meters; 
Tungt'ing Hu Lake, basin of Yangtze Kiang River. 
Genus Platanista Wagler, 1830: 


Platantsta gangetiea Lebeck, 1801; Ganges River dolphin, platanista; 
2.4 meters; basin of Indus and Ganges rivers. 


Family of Delphinidae -- real dolphins; lower Myocene -- present time 





Genus Steno Gray, 1946: 
Steno bredanensts Lesson, 1828; rough-toothed dolphin, steno; 
2.4 meters; tropical and warm ocean regions. 

Genus Sotalza Gray, 1866: 


Sotaita fluviattits Gervais and Deville, 1853; river or Amazonian 
dolphin; 1.1 meters; central and lower Amazon River. 


Sotalta guitanensts P.J. Van Beneden, 1864; Guianan river dolphin; 
1.5 meters; coast of Guiana and Venezuela, including Lake Maracaibo 
and large rivers. 


Sotalta brasilensis E, Van Beneden, 1875; Brazilian dolphin; 1.5 
meters; off the coast of Rio de Janeiro and Sao Paulo. 
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Sotalta chinensis Osbeck, 1765; Chinese dolphin, Chinese white 
dolphin; 2.0 meters; coastal regions of the South China and East 
China seas, large rivers of China. 


Sotalta borneenste Lydekker, 1901; Borneo white dolphin; 2.0 meters; 
South China Sea. 


Sotalta lenttgtnosa Owen, 1866; speckled sotalia, speckled dolphin; 
2.1 meters; Indian Ocean. 


Sotalta plumbea G, Cuvier, 1829; lead-colored dolphin, ridge- 
backed dolphin, or plumbeous dolphin; 2.4 meters; northern part 
of Indian Ocean. 


Sotalta teuszit Kukenthal, 1892; Kukenthali's dolphin; 2.0 meters; 
off the coast of West Africa, from Senegal to Cameroon. 
Genus Stenelia Gray, 1864: 


Stenella ecerulecalbus Meyen, 1833; Gray's dolphin, stenella; 
1.1 meters; all temperate and tropical waters. 


Stenella dubta G. Cuvier, 1812; cape dolphin, narrow-snouted dolphin, 
stenella; 2.2 meters; coastal tropical waters. 


Stenella longirostris Gray, 1828; long-beaked dolphin, slender- 
beaked dolphin, red-bellied dolphin, stenella; 2.1 meters; tropical 
Atlantic, Idean Ocean, eastern Pacific. 


Stenella rosetventris Wagner, 1953; Hawaiian dolphin, stenella; 
2.0 meters; tropical and warm Pacific waters. 
Genus Delphinus Linnaeus, 1758: 


Delphinus delphis Linnaeus, 1758; common dolphin, Atlantic dolphin; 
1.8 meters; all temperate and warm waters. 


Delphinus dussuntert Blanford, 1891; Dussumier dolphin; about 2.0 
meters; Arabian Sea. 
Genus Lissodelphis Gloger, 1841: 


Lissodelphis borealts Peale, 1848; northern right whale dolphin; 
2.4 meters; temperate waters of the North Pacific. 


Lissodelphits peront Lacepede, 1804; southern right whale dolphin; 
2.0 meters; temperate waters of the southern ocean. 

Genus Lagenodeliphts Fraser, 1956: 
Lagenodelphits hoset Fraser, 1956; Sarawak dolphin, Fraser's dolphin; 
? meters; South China Sea, off the coast of Sarawak. 

Genus Turstops Gervais, 1855: 


Tursiops truncatus Montagu; bottlenose dolphin; 3.3 meters; temper- 
ate and tropical, mainly coastal ocean waters. 


Turstops gtlit Dall, 1873; Gill's bottlenose dolphin; 3.5 meters; 
eastern North Pacific. 
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Genus Grampus Gray, 1828: 
Grampus griseus G. Cuvier, 1812; gray grampus, Risso's dolphin; 
4.0 meters; all temperate and tropical ocean waters. 

Genus Lagenorhynchus Gray, 1846: 


Lagenorhynchus albirostrts Gray, 1846; white-beaked dolphin; 3.0 
Meters; North Atlantic. 


Lagenorhynehus obltiqutdens Gill, 1865; Pacific striped dolphin, 
Pacific white-sided dolphin, striped dolphin; 2.3 meters; coastal 
waters of the North Pacific. 


Lagenorhynechus acutus Gray, 1828; Atlantic white-sided dolphin, 
jumper; 2,5 meters; North Atlantic. 


Lagenorhynchus australts Peale, 1848; black-backed dolphin, Pealé's 
dolphin, southern white-sided dolphin; 2.2 meters; temperate and 
cold waters of South America, Falkland Islands. 


Lagenorhynehus cruciger Quoy and Gaimard, 1824; white-sided dolphin; 
1.8 meters; temperate southern waters. 


Lagenorhynehus obseurus Gray, 1828; dusky dolphin; 2.1 meters; 
coastal, temperate, southern waters. 
Genus Cephalorhynehus Gray, 1846: 


Cephalorynchus commersonti Lacepede, 1804; piebald dolphin, 
Commerson's dolphin; 1.6 meters; coastal waters of southern South 
America, southern ocean. 


Cephalorhynehus eutropia Gray, 1849; black dolphin, white-bellied 
dolphin; 1.3 meters; off the coast of Chile, between 33 and 40 
degrees South latitude. 


Cephalorhynchus heavisidet Gray, 1828; Heaviside's dolphin; 1.2 
meters; coastal waters of South Africa. 


Cephalorhynchus heetort Van Beneden, 1881; Hector's dolphin; 1.8 
meters; West Pacific from Sarawak to New Zealand. 

Genus Peponocephala Nishiwaki and Norris, 1966: 
Peponocephala electra Gray, 1846; broad-beaked dolphin; 1.9 meters; 
tropical ocean waters. 

Genus Feresa Gray, 1871: 
Feresa attenuata Gray, 1875; feresa, pygmy killer whale; 2.4 meters; 
tropical and warm waters of the Atlantic and Pacific. 

Genus Pseudorea Reinchardt, 1862: 


Pseudorea crasstdens Owen, 1846; false killer whale; 5.3 meters; 
temperate and tropical ocean waters. 
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Genus Globtcephala Lesson, 1828: 


Globtcephala melaena Traill, 1809; Atlantic blackfish, common black- 
fish, pilot whale; 8.4 meters; temperate waters of the southern and 
northern hemispheres. 


Globteephala macrorhyncha Gray, 1846; short-finned pilot whale; 
7.0 meters; tropical ocean waters. 
Genus Orcinus Fitzinger, 1860: 
Oreinus orca Linnaeus, 1758; killer whale; males 9.0 meters, females 
5.0 meters; all ocean waters. 
Genus Orcaella Gray, 1866: 


Oreaella brevirostris Owen, 1866; Irawadi dolphin; 2.1 meters; 
coastal waters, estuaries and lower parts of rivers of the Indian 
Ocean and South China Sea. 


Genus Phocoena G. Cuvier, 1817: 


Phocoena phocoena Linnaeus, 1758; porpoise, harbor porpoise, common 
porpoise; 1.6 meters; North Atlantic, Barents, Baltic, White, Black, 
and Azov seas, coastal waters of the North Pacific. 


Phocoena sinus Norris and McFarland, 1958; Gulf of California 
porpoise; 1.6 meters; Gulf of California. 


Phoeoena dtoptrica Lahille, 1912; South Atlantic porpoise, southern 
harbor porpoise, spectacled porpoise; 1.8 meters; off the coast of 
Argentina, Falkland Islands, andSouth Georgia. 


Phocoena spintptmnis Burmeister, 1865; black porpoise, Burmeister's 
porpoise; 1.5 meters; temperate and cold coastal waters of South 
America. 

Genus Neophocoena Palmer, 1899: 
Neophocoena phocoenotdes G, Cuvier, 1829; black finless porpoise; 
1.2 meters; warm and tropical coastal waters of eastern and south- 
eastern Asia, 

Genus Phocoenotdes Andrews, 1911: 
Phoeoenotdes dallt True, 1885; Dall’s porpoise; 1.4 meters; coastal 
waters of the North Pacific. 


Family of Monodontidae -- narwhals; Pleistocene -- present time 


Genus Delphtnapterus Lacepede, 1804: 


Delphinapterus leucas Pallas, 1776; beluga, white whale; 5.0 meters; 
Arctic ocean and adjacent seas. 
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Genus Monodon Linnaeus, 1758: 


Monodon monoceros Linnaeus, 1758; narwhal; 6.0 meters; northern 
polar waters, 


Family of Physeteridae -- sperm whales, or cachalots; lower Myocene -- 
present time 


Genus Physeter Linnaeus, 1758: 


Physeter macrocephalus Linnaeus, 1758; sperm whale, cachalot; males 
16 meters, females 12 meters; all of the world's oceans. 


Genus Kogta Gray, 1846: 


Kogta breviceps Blainville, 1838; lesser sperm whale, lesser 
cachalot, pygmy sperm whale; 3.9 meters; tropical and warm ocean 
waters. 


Family of Ziphiidae (Hyperoodontidae) -- beaked whales; lower Myocene -- 


present time 
Genus Tasmacetus Oliver, 1937: 
Tasmacetus shepherdt Oliver, 1937; Tasman  beaked whale, Oliver's 
beaked whale; 5.0 meters; coastal waters of New Zealand. 


Genus Mesoplodon Gervais, 1850: 


Mesoplodon btdens Sowerby, 1804; Sowerby’s whale, Sowerby's beaked 
whale; 4.8 meters; cold waters of the North Atlantic. 


Mesoplodon europaeus Gervais, 1855; European beaked whale; 4.5 
meters; temperate and warm waters of the western Atlantic, Gulf 
of Mexico. 


Mesoplodon mtrus True, 1913; True's beaked whale; 5.1 meters; 
temperate waters of the North and South Atlantic. 


Mesoplodon pactfitcus Longman, 1926; Longman's beaked whale; ? meters; 
a single sighting on the coast of Australia. 


Mesoplodon grayt Haast, 1876; Scamperdown whale, southern beaked 
whale; 4.3 meters; waters of South Africa, Australia, America, 
and Northwest Atlantic. 


Mesoplodon hector? Gray, 1871; Hector's beaked whale; 5.0 meters; 
Tasmania, New Zealand, and Falkland Islands. 


Mesoplodon stejnegeri True, 1885; saber-toothed beaked whale, 
Stejneger's beaked whale; 6.0 meters; temperate waters of the 
North Pacific. 


Mesoplodon carthubbst Moore, 1963; Hubb's beaked whale; 5.0 meters; 
temperate waters of the North Pacific. 
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Mesoptodon bowdotni Andrews, 1908; Bowdon's beaked whale; ? meters; 
Australian and New Zealand waters. 


Mesoptodon ginkgodens Nishiwaki and Kamiya, 1958; Gingko beaked 
whale; 4.7 meters; warm and tropical waters of the Pacific and 
Indian oceans. 


Mesoplodon layardi Gray, 1865; Layard's beaked whale, strap- 
toothed whale; 5.1 meters; southern parts of the Atlantic and 
Indian oceans, Australian waters. 


Mesoplodon denstrostrts Blainville, 1817; Atlantic beaked whale, 
Blainville's beaked whale; 4.3 meters; tropical and warm ocean 
waters. 

Genus Ziphius G. Cuvier, 1823: 
Ztphtus cavtrostris G. Cuvier, 1823; Cuvier's beaked whale, 
Cuvier's whale; 8.5 meters; all temperate and tropical waters. 


Genus Berardius Duvernoy, 1851: 


Berardtus bairdi Stejneger, 1883; Baird's beaked whale, giant 
bottlenose whale; 13.5 meters; warm, temperate, and cold waters 
of the North Pacific. 


Berardtus arnoux? Duvernoy, 1851; New Zealand beaked whale, smaller 
ziphid whale; 10 meters; southern ocean waters, southern parts of 
Indian, Atlantic, and Pacific oceans. 


Genus Hyperoodon Lacepede, 1804: 


Hyperoodon ampullatus Forster, 1770; bottlenose whale, bottle—head 
whale; 8.5 meters; cold and temperate waters of the North Atlantic. 


Hyperoodon planifrons Flower, 1882; southern bottlenose whale, 
flat-headed bottlenose, Flower's southern whale; 8.0 meters; southern 


Ocean waters, southern parts of the Indian, Pacific, and Atlantic 
oceans. 


Mysticeti -- Baleen Whales 
Family of Balaenidae -- right whales; lower Myocene -- present time 


Genus Balaena Linnaeus, 1758: 


Balaena mysticetus Linnaeus, 1758; whalebone whale, Arctic right 
whale, Greenland right whale, great polar whale; 18.0 meters; 
Arctic waters, Bering and Okhotsk seas. 


Genus Eubalaena Gray, 1864: 


Eubalaena glactalis Muller, 1776; Atlantic right whale; 15.0 meters; 
temperate waters of the world's oceans. 


- 445 - 


Genus Caperea Gray, 1864: 


Caperea margtnata Gray, 1846; pygmy right whale; 5.5 meters; 
southern ocean, Australian, African, South American waters. 


Family of Eschrichtiidae -- gray whales; Pleistocene -- present time 


Genus Esechrtchtius Gray, 1864: 


Eschrtchttus gibbosus Erxleben, 1777; California gray whale, devil 
fish; 14.5 meters; North Pacific. 


Family of Balaenopteridae -~ rorquals; upper Myocene -- present time 





Genus Balaenoptera Lacepede, 1804: 


Balaenoptera acutorostrata Lacepede, 1804; minke whale, least ror- 
qual, lesser finback; 9.0 meters; in all seas, but less often in 
tropical waters. 


Balaenoptera edent Anderson, 1878; Bryde's whale, Eden's whale; 
12,5 meters; tropical and warm ocean waters, 


Balaenoptera boreaits Lesson, 1828; sei whale; 15.0 meters; all 
ocean waters. 


Balaenoptera physalus Linnaeus, 1758; fin whale, finback whale, 
common rorqual, razor-—back whale; 21.0 meters; all waters of the 
world's oceans, 


Baltaenoptera musculus Linnaeus, 1758; blue whale, great northern 
rorqual; 25.0 meters; all ocean waters, 
Genus Megaptera Gray, 1846: 


Megaptera novaeangltae Borowski, 1781; humpback, bunch; 15.0 meters; 
all ocean waters. 
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Appendix 2 


A STANDARD SYSTEM OF METHODS FOR INVESTIGATING CETACEANS 


In spite of the extensive literature with various systems of measurements 
of animals and their skulls, as well as descriptions of other important features, 
such measurements and descriptions have not yet been standardized, so that they 
lose their value to a significant extent, since the data are often not comparable. 


A few years ago, a standardized system of methods was proposed for the 
principal studies of small and large cetaceans (Norris et al., 1961; Kleynenberg 
et al., 1965). 


Of course, every researcher is guided in his work by his own specific 
work plan. However, it would be purposeful to obtain an optimum quantity of 
data on animals that have been examined that would be suitable for subsequent 
multipurpose processing and systematic investigation. On this basis, it would 
be desirable to follow a complete program in any research plan. 


A. Record of Each Sighting 


One should record the following in a field log (or separate cards, 
which is more convenient for subsequent processing) with reference to individual 
Sightings, particularly of rare cetaceans: 1) species (preferable with indication 
of popular and commercial name); 2) date of sighting; 3) coordinates (or known 
geographic area close to sighting); 4) number of animals encountered (at least 
tentative); 5) age composition (approximate); 6) animals' behavior (food and 
feeding, movement in a specific direction, rest, etc.); 7) hydrometeorological 
conditions (ice, high tide, if in a coastal region, still waters, storm, snow, 
wind, rain, etc.); 8) presence of "biological indicators" in the area of the 
sighting (specific birds, fish, other animals associated with appearance of 
a given species of marine mammals or serving as food for the latter). 


B. External Distinctions 
1) Coloration -- general hue of back, belly, and other areas, Size 
and location of stripes and spots (a coloration diagram is desirable); 2) scars, 


wounds, bruises, cicatrices, deformities, etc.; 3) lactation in females or 
discharge of sperm in males; 4) presence and localization of ectoparasites. 
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Cc. Body Measurements 


1) Length ~- from the most anterior part of the head to the middle of 
the posterior edge of the fluke or notch thereof, 


Measurements should be taken over the projection (Figure 221), or if 
this is not feasible it is mandatory to indicate exactly how they were taken 
(along the back, belly, side, etc.); 

2) from the end of the maxilla to the anterior angle of the eye; 

3) from the end of the maxilla to the anterior edge of the auditory 

meatus; 

4) from the end of the maxilla to the angle of the mouth (lateral); 

5) from the end of the maxilla to the anterior edge of the blowhole 

(baleen whales); 

6) from the end of the maxilla to the anterior edge of the base of 

the dorsal fin;* 

7) maximum (oblique) length of flipper (from anterior edge of base to 

apex) ;* 

8) maximum width of flipper (perpendicular to its longitudinal axis); 

9) length of the base of the dorsal fin;* 

10) height of dorsal fin (perpendicularly) ;* 

11) from posterior angle of the eye to anterior edge of auditory meatus; 

12) girth (or half girth) at the level of the base of the pectoral flippers; 

13) from notch of flukes to posterior edge of anus; 

14) from notch of flukes to center of umbilicus; 

15) from notch of flukes to posterior edge of base of dorsal fin;* 

16) length of genital slit (including anal orifice in females) ;* 

17) fluke spread (line between apices); 

18) length of right fluke (from notch to apex); 

19) maximum width of fluke (perpendicular to longitudinal axis of fluke); 

20) height of caudal peduncle at the base of the flukes; 

21) thickness of blubber: on the side at the level of the dorsal fin 
in large whales; on the back, anteriorly to the fin or on the chest, 
between the pectoral flippers in small specimens, depending on 
method used to skin them. 





Figure 221. Diagram of cetacean body measurements. See text. 


*These measurements are not strictly fixed so that one should be particularly 
thorough in taking then. 
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D. Counts 


22) Number of teeth on each side of the maxilla and mandibula (in 
toothed whales); number of baleen plates on right and left side in 
baleen whales; 

23) height of visible part of the largest tooth or baleen plate; 

24) number of vibrissae on maxilla, at the end of the mandible, and 
on the edge of the mandible, separately (baleen whales); 

25) number of ridg es (bands) on the chest, between flippers (baleen 
and beaked whales). 


E. Dissection 


It is desirable to dissect all animals that are obtained and to examine 
the condition of organs related to the most important aspects of the animal's 
life (food and feeding, reproduction) for demonstration of parasites and mor- 
phological variability of org ans. 


The following distinctions are recorded for all cetaceans. 


1. Digestive system: presence of food in the stomach; presence and 
characteristics (qualitative and quantitative) of undigested residue; weight, 
size, and dimensions of the largest and most abundant food objects; number of 
fish otoliths, squid lenses and beaks, large skull bones of fish; presence of 
objects other than food (stones, sand, and others); total length of intestine 
from the stomach to the anus (in baleen whales, measurement of large and small 
intestine separately); number of stomach divisions in beaked whales. 


2. System of reproductive organs: condition of the uterus (infantile, 
barren, pregnant, post partum); presence and size of embryo (large embryos are 
measured by the general system, and on small ones only total length along 
curvature of body with mandatory indication of sex); number and location of 
corpora lutea on the right and left ovaries, number of scars of corpora lutea, 
presence of mature follicles (their size), presence of mucus plug in the cervix 
uteri of toothed whales and vaginal ligament in baleen whales’ size (length, 
width, and weight) of testes; presence of sperm on cross section of epididymis; 
length and color of extended penis. 


3. Presence of various parasites (trematodes, thorny-headed worms, 
nematodes in the liver, kidneys, circulatory and digestive systems, lungs, skin, 
bladder, cranial air passages, and other organs). 


4. Skeleton: number of vertebrae in different segments of the spine; 
number of chevron bones; number of sternal and vertebral ribs; number of seg- 
ments in sternum; number of digits and phalanges; presence of elements of hind 
extremity. 


5. Weight characteristics of internal organs: lungs, heart, kidneys, 


adrenals, testes (ovaries), spleen, pancreas, liver, brain; total weight of 
muscles, skeleton, integument with subcutaneous blubber, animal as a whole. 
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Figure 222, Diagram of measurements of the skull of baleen (left) 
and toothed (right) whales. See Figure 19 for key to 
bones; see text for measurements (according to A.G. 
Tomilin, 1957; K.K. Chapskiy, 1963). 


When recording weights, it is mandatory to indicate the magnitude of 
error in weighing (precision), amount of blood in such organs as the liver, 
lungs, heart, and spleen. Paired organs are weighed separately. 


F, Labeling Collected Material 


Whatever the purpose of an investigation, in order to preserve the 
scientific value of collected material it should be identified with labels of 
waterproof material (parchment, plastic, etc.) writing down as much information 
as possible with India ink (or etching). The following should be included on 
the label of material that is to be stored: species, total length, sex, 
approximate age (juv., ad., sad., sen.), date and place of collection, name of 
sample, animal number according to log, name of individual who collected 
the material (one should not indicate only the log number for the animal). 


G. System for Measuring Skull (Figure 222) 


1) Total skull length from anterior edge of rostrum to posterior edge of 
occipital condyles; 2) zygomatic width; 3) interorbital (supraorbital) width: 
shortest distance in the region of the interorbital space, on top; 4) condylar 
width: between external margins of occipital condyles; 5) length of rostrum: 
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in toothed whales from tip of rostrum to anterior orbital fossa of jaw bones; 
in baleen whales to the orbital process of the jaw bone; 6) width of rostrum 
at its base: along preorbital fossae in toothed whales and orbital processes 
of jaw bones in baleen whales; 7) maximum length of mandibula; 8) height of 
mandibula at the base; 9) height of mandible at the end of the row of teeth 
(in toothed whales) or at the middle of the jaw (baleen whales); 10) length 
of tooth (baleen) row in maxilla. 
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